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Our  long  range  goals  have  been  to  achieve  an  understanding  of  crustal  accretion  along  the  ^ 

f  Southern  Mid-Atlantic  Ridge.  We  address  this  problem  with  a  combined  analysis  of  bathymetry  and  Qt  ^ 

*  sea^urfoce  magnetic  data  from  two  extensive  SeaBeam  surveys  of  the  ridge  between  25fl-28jS  and  CO 

'  30  -38^S.  We  are  particularly  interested  in  how  crustal  accretion  may  differ  from  accretion  tf> 

processes  in  other  areas  spreading  at  faster  and  slower  rates  as  spreading  rates  in  the  South  Atlantic 
|  area  fall  within  a  transitional  range  in  which  the  axial  rift  valley  begins  to  disappear. 
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»  The  great  clarity  of  magnetic  recording  in  the  oceanic  crust  of  the  South  Atlantic  has  enabled 

us  to  carry  out  a  very  thorough  analysis  of  the  magnetic  data  which,  in  turn,  has  provided  us  with 
powerful  constraints  on  models  of  volcanic  and  tectonic  crustal  generation  processes  at  slow 
spreading  rates.  Analysis  of  the  magnetic  data  has  included  both  2-D  and  3-D  inversions  which 
remove  skewness  and  the  effects  of  bathymetry.  From  2-D  analysis  we  have  identified  isochron 
boundaries  and  constructed  spreading  rate  history  models,  thus  defining  the  evolution  of  the  ridge- 
axis  discontinuities  in  the  region.  We  have  examined  transition  widths  for  evidence  of  any  variation 
in  the  crustal  accretion  process  with  time  or  location.  From  3-D  analysis  we  have  created  maps  of 
crustal  magnetization  that  reveal  zones  of  enhanced  magnetization  possibly  related  to  fractionation 
processes  in  the  axial  magma  chamber.  (  \,  -(  |  _ __ 

\j 

Major  Conclusions 

Interval  spreading  rates,  which  reflect  the  stability  through  time  of  the  spreading  process, 
indicate  that  spreading  within  each  ridge  segment  has  been  asymmetric  with  the  sense  of  asymmetry 

"1  often  changing  from  one  interval  ('0.8  my  duration)  to  the  next.  Averaged  over  longer  time  periods 
t  jyuj  ( >  1.0  my)  however,  the  sense  of  asymmetry  has  generally  remained  the  same. 

' ;  Full  interval  spreading  rates  for  adjacent  ridge  segments  differ  by  10%  on  average.  These 

I ;  differences,  which  exceed  our  measurement  errors  and  are  substantially  more  than  the  expected 

.'I  j  change  with  changing  proximity  to  the  pole  of  rotation  for  the  South  American  and  African  plates, 

1  r:‘ ;  reflect  non-rigid  behavior.  Total  opening  rates  from  25°-27°30'  S  have  decreased  by  20-30%  from 
l  anomaly  4'  to  2  time. 

■  \U\ 

i^j!  Full  rates  since  the  Jaramillo  have  increased  in  the  25o-27°30’  S  area.  We  see  this  same 

!  £  pattern  for  only  one  ridge  segment  within  31°-34°  30'  S,  although  our  data  coverage  here  is  less 
1  extensive.  The  changes  in  spreading  rates  we  see  may  be  of  global  significance  or  may  point  to 

3  significant  errors  in  the  anomaly  time  scale. 

>1 

.  1  Magnetization  highs  of  comparable  magnitude  are  located  at  both  the  large  offset  Cox 

fracture  zone  and  short  ofTset  33°30'  S  discordant  zone-ridge  intersections.  These  magnetization 
highs  persist  off  axis  and  can  be  traced  in  places  beyond  anomaly  2'. 

Within  the  past  10.0  my,  the  Moore  transform  fault  has  evolved  from  a  classic  ridge- 
perpendicular  feature  with  an  offset  of  over  25  km  to  an  oblique-trending  second  order  ridge-axis 
discontinuity  9.5  km  in  length.  The  change  occurred  between  2.5  and  1.8  my  and  involved  a  rill 
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propagation  'event'  which  transferred  crust  of  anomaly  2-2'  time  from  the  east  to  west  flank  of  the 
ridge.  Since  that  time,  the  Moore  discontinuity  has  migrated  north  approximately  12  km. 

There  is  additional  evidence  for  rift  propagation  "events'1  during  the  same  time  interval  in 
the  vicinity  of  the  33°30'  S  discontinuity  and  since  anomaly  2  time  at  the  31°15'  S  discontinuity. 

Discordant  zones  within  both  survey  areas  have  systematically  lengthened  or  shortened  by 
'10  km  during  the  time  interval  from  1  my  to  4  my  while  larger-ofTset  fracture  zones  have  remained 
comparatively  constant  in  length.  Changing  offset  along  these  short-offset  discontinuities  may  be  a 
mechanism  by  which  the  plate  boundary  responds  to  changes  in  plate  motion.  However,  the  sense  in 
which  the  length  of  each  offset  has  evolved  (l.e.,  lengthening  or  shortening)  is  not  simply  related  to 
the  sense  of  offset  (i.e.,  right  or  left  lateral)  across  each  discontinuity,  and  could  not  reflect  one 
simple  adjustment  of  the  entire  plate  boundary  in  this  region  to  a  change  in  the  direction  of  plate 
opening. 


Individual  ridge  segments  within  our  study  area  have  independent  spreading  histories  in 
that  the  amount  and  sense  of  asymmetric  spreading  and  total  opening  rates  for  adjacent  ridge 
segments  differ.  Independent  spreading  histories  may  reflect  significant  decoupling  in  the  mantle 
source  region  for  these  ridge  segments  and  we  conclude  that  ridge  segments  may  respond 
independently  to  changes  in  plate  motion  giving  rise  to  discordant  zone  length  variability. 
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Spreading  rates,  rift  propagation,  and  fracture  xone  offset  histories  during  the  past  5  my  on  the  Mid- 

Atlantic  Ridge;  2S°-27°  30*  S  and  31°-34°  30’  S 
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Abstract 


The  southern  Mid-Atlantic  Ridge  (MAR)  is  spreading  at  rates  (34-38  mm/yr)  that 
fall  within  a  transitional  range  between  rates  that  characterize  slow  and  intermediate  spreading 
center  morphology.  To  further  our  understanding  of  crustal  accretion  at  these  transitional  spreading 
rates,  we  have  carried  out  analysis  of  magnetic  anomaly  data  from  two  detailed  Sea  Beam  surveys  of 
the  southern  MAR  between  25?2^30'S  and  3f-34°30'  S.  Using  two-dimensional  Fourier  inversions  of 
the  magnetic  data  we  establish  the  history  of  spreading  for  the  past  5  my  and  the  evolution  of  offset  of 
the  southern  MAR  at  the  both  short  and  long-offset  ridge-axis  discontinuities  in  the  area.  The 
spreading  histories  of  adjacent  ridge  segments  difTer  in  terms  of  the  sense  and  amount  of  asymmetric 
spreading  within  each.  These  differences  have  given  rise  to  changes  In  the  offset  lengths  of  the 
bounding  ridge  axis  discontinuities.  Short  offsets  of  the  MAR  simultaneously  changed  length  by 
approximately  10  km  from  1  my  to  4  my  ago.  During  this  same  time  period,  offset  of  the  MAR  at 
larger  offset  fracture  zones  remained  comparatively  constant  Total  opening  rates  within  our 
northern  survey  area  decreased  during  this  time  period,  and  we  find  evidence  for  rift  propagation  at 
1.8  -2.5  my  within  both  areas.  A  shift  in  plate  motion  circa  anomaly  3  may  have  given  rise  to  these 
changes.  However,  the  pattern  of  offset  variation  we  see  is  not  simply  related  to  the  geometry  of  the 
plate  boundary  in  these  regions  which  precludes  a  simple  relationship  between  plate  motion  changes 
and  plate  boundary  response.  We  document  a  case  of  rapid  (minimum  (0  mm/yr)  rift  propagation, 
occurring  between  2  J  and  lit  my,  associated  with  transition  of  the  Moore  transform  fault  to  an 
oblique  trending  ridge-axis  discontinuity.  Total  opening  rates  for  adjacent  segments  differ  by  10  %  on 
average,  and  interval  opening  rates  within  a  ridge  segment  differ  from  one  part  of  the  segment  to 
another,  implying  significant  non-rigid  plate  behavior.  Magnetic  polarity  transition  widths  from  our 
inversion  studies  may  be  used  to  infer  a  zone  of  crustal  accretion  which  is  3-6  km  wide,  within  the 
inner  floor  of  the  rift  valley.  A  systematic  increase  of  transition  width  with  age  would  be  expected  if 
deeper  crustal  sources  dominate  the  magnetic  signal  In  older  crust  but  this  is  not  observed.  We 
present  initial  results  ft-ora  three-dimensional  analysis  which  shows  magnetization  highs  at  both  large 
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and  short  offset  discontinuities.  Within  the  central  anomaly  the  highs  are  up  to  15  Amps/m 
compared  with  a  background  of  approximately  8*10  A/m  and  they  persist  for  at  least  2.5  my.  The 
highs  may  be  caused  by  eruption  of  highly  fractionated  strongly  magnetized  basalts  at  ridge  axis 
discontinuities  with  both  large  and  small  offsets. 

Introduction 


Until  the  late  1970's,  our  understanding  of  how  new  oceanic  crust  is  formed  at 
diveigent  plate  boundaries  was  interpreted  largely  from  data  collected  along  widely-spaced  tracks 
with  poor  navigational  control.  Based  on  these  data,  crustal  accretion  was  interpreted  as  a 
predominantly  two-dimensional  phenomena.  The  advent  of  high-resolution  mapping  systems  and 
precision  navigation,  allowed  for  detailed  surveys  of  several  portions  of  the  world  mid-ocean  ridge 
system.  These  studies  have  revealed  considerably  greater  variability  and  complexity  in  ridge  structure 
than  was  initially  assumed,  and  from  them,  a  three-dimensional  model  of  crustal  accretion  has 
emerged.  Understanding  what  controls  variability  in  ridge  structure  has  been  key  to  understanding 
crustal  generation  at  spreading  centers. 

First  order  variability  in  spreading  center  morphology  depends  upon  total  opening  rate.  At 
the  fast  spreading  rates  characteristic  of  the  East  Pacific  Rise  (>90  mm/yr),  a  broad  axial  ridge  or 
high  marks  the  locus  of  crustal  accretion,  whereas  at  the  slow  spreading  rates  of  the  northern  Mid- 
Atlantic  Ridge  (MAR)  (<30  mm/yr),  a  1-2  km  deep  rift  valley  Is  nearly  ubiquitous  (Macdonald, 
1982).  At  faster  spreading  (30-80  mm/yr),  a  very  broad  range  in  axial  rift  valley  depths  is  found 
(Macdonald,  1986),  and  it  appears  that  a  critical  transition  between  slow  and  intermediate  spreading 
center  morphological  types  lies  within  this  range  of  spreading  rates.  The  southern  MAR  is  spreading 
at  rates  that  lie  at  the  lower  end  of  this  'transitional  range'  (35-40  mm/yr).  Until  very  recently  no 
detailed  studies  of  the  southern  MAR  had  been  made,  and  we  have  had  sparse  information  about 
what  ridge  crest  morphology  characterizes  this  critical  part  of  the  spreading  rate  spectrum. 


During  late  1984,  early  1985,  researchers  at  UR1  and  UCSB  conducted  two  Sea  beam  cruises 
aboard  the  R/V  Thomas  Washington  to  a  section  of  the  MAR  from  30°-3Jfs.  Dense  and  continuous 
coverage  of  the  ridge  axis  was  obtained  from  3^3^30'  S  (Fig.  1).  This  was  one  of  the  largest  detailed 
ridge  surveys  ever  completed,  and  the  first  high-resolution  bathymetric  survey  carried  out  in  the 
South  Atlantic.  Two  additional  Sea  beam  expeditions  to  the  South  Atlantic  were  made  during 
Nov/Dec  1986  and  Feb/March  1987  aboard  the  R/V  Robert  Conrad  (Fig.  1).  These  cruises,  which 
represent  a  joint  URI,  NRL,  LDGO,  UCSB  mapping  effort,  focused  on  a  portion  of  the  MAR  from  25 
27*30*  S.  During  all  four  cruises,  Seabeara  bathymetric  data,  underway  magnetic,  gravity  and  seismic 
data  were  collected.  In  this  paper  we  present  results  from  two-dimensional  analysis  of  the  magnetic 
data  collected  during  both  ridge  crest  surveys  as  well  as  preliminary  results  from  three-dimensional 
analysis  for  regions  with  dense  magnetic  data  coverage.  We  have  determined  the  detailed  history  of 
spreading  and  the  evolution  of  ail  offsets  of  the  MAR  axis  within  both  regions  for  the  past 
approximately  5  my.  We  have  been  particularly  interested  in  the  behavior  of  small  offsets  of  the 
spreading  axis  located  within  these  survey  areas  and  how  this  behavior  compares  with  that  of  larger 
offset  transform  faults.  We  document  independent  spreading  histories  for  individual  ridge  segments 
which  have  given  rise  to  changing  offset  along  the  short  discontinuities  while  longer  discontinuities 
have  remained  comparatively  constant  in  length.  Detailed  analysis  of  the  gravity  and  bathymetric 
data  collected  in  conjunction  with  the  magnetic  data  has  been  carried  out  by  other  workers.  Kuo  and 
Forsyth  (in  press)  present  a  three-dimensional  analysis  of  the  gravity  data  from  the  Jl^^O'S  area. 
A  detailed  analysis  of  the  morphology  of  the  short  offset  discontinuities  within  both  areas  is 
presented  in  Grindlay  et  al.  (this  issue).  Fox  et  al.  (this  issue)  present  a  detailed  discussion  of 
bathymetric  data  from  the  31-34%  area  as  it  pertains  to  segmentation  of  the  southern  MAR.  In  the 
following  section,  we  briefly  describe  the  morphology  of  the  two  regions. 


Morphology 


Prior  to  our  Seabeam  work  at  25-27^0'  S  and  31-34^0’  S,  virtually  all  detailed  surveys  of  the 
MAR  had  taken  place  in  the  North  Atlantic  (e.g.,  work  In  the  FAMOUS  area  (Phillips  and  Fleming, 
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1978);  TAG  area  (Rona  and  Gray,  1980)).  The  only  detailed  studies  of  the  southern  MAR  were  a 
bathymetric  and  magnetic  survey  for  6-lfs  (Van  Andel  and  Heath,  1970),  and  an  extensive 
aeromagnetic  survey  of  the  ridge  from  8-lffS  described  by  Brozena  (1986).  GEBCO  bathymetric 
maps  for  the  South  Atlantic  were  constructed  from  sparse  wlde-beam  echo-sounding  data  and 
earthquake  locations,  and  assumptions  that  the  morphology  of  the  southern  MAR  would  be  much 
like  that  established  for  the  well-studied  northern  MAR.  Fig.  2  shows  bathymetric  maps  for  25-27°30'S 
and  31-3^30'S  compiled  from  the  Seabeam  bathymetric  data.  For  these  areas,  the  location  of  the 
South  American-African  plate  boundary  on  the  GEBCO  chart  is,  in  some  places,  over  50  km 
different  from  the  position  of  the  plate  boundary  identified  with  the  Seabeam  data.  Furthermore,  the 
morphology  of  the  MAR  in  these  regions  is  quite  different  from  that  observed  in  the  North  Atlantic. 

In  both  surveys  areas,  the  rift  valley  which  is  nearly  ubiquitous  in  the  North  Atlantic,  shallows  and 
narrows  along  strike  to  a  subtly  rifted  axial  bulge  (e.g.,  33°00S  and  26’00'S).  At  the  shallowest  mid¬ 
segment  areas,  the  rift  valley  is  subdued  and  the  cross-sections  are  similar  to  those  of  the 
intermediate  spreading  centers,  e.g.,  the  East  Pacific  Rise  at  21°  N  (Nonnark,  1976)  or  the  Galapagos 
spreading  center  (Klitgord  and  Mudie,  1974).  Also  within  both  areas,  in  addition  to  classic  ridge- 
perpendicular  transform  faults,  the  ridge  is  offset  by  short  oblique-trending  discontinuities  of  the 
ridge  axis  which  correspond  to  first  and  second  order  discontinuities  respectively  in  the  classification 
of  Macdonald  et  al.,  (1988).  The  absence  of  throughgoing  ridge-perpendicular  structures  makes  the 
short-offset  second-order  discontinuities  quite  distinct  from  most  of  those  observed  in  the  North 
Atlantic  (e.g.,  Fracture  Zone  A  In  the  FAMOUS  area,  Detrick  et  al.,  1973)  but  similar  to  oblique  shear 
zones  like  the  Kurchatov  offset  (Searle  and  Laughton,  1977).  Within  this  paper  we  will  refer  to  first 
order  discontinuities  l.e.  transform  faults  and  their  off-axis  trace  as  fracture  zones.  For  second  order 
discontinuities  we  will  use  the  term  'discordant  zone'  to  refer  to  the  combined  on/off-axis  trace.  For 
the  southern  MAR,  the  active  portion  of  the  discordant  zone  will  be  referred  to  as  an  'oblique  shear 
zone'  or  'en  echelon  jog'  of  the  rift  valley  depending  on  morphology. 
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Within  the  survey  area  from  3i°*3^30'S  (Fig.  2a),  the  MAR  is  offset  at  the  Cox  and  Meteor 
transform  faults,  and  at  four  second  order  discontinuities  located  at  31°15'S,  31°25'  S,  32°30'  S  and  33° 
30'  S  (Grindlay  et  al.,  this  issue;  Fox  et  al.,  this  issue).  These  six  discontinuities,  all  of  which  are  right 
stepping  offsets,  subdivide  the  MAR  into  six  ridge  segments.  Throughout  this  paper,  we  will  refer  to 
these  segments  as  labelled  in  Fig.  2a;  1  through  6  consistent  with  other  papers  on  the  area,  'S' 
Indicates  the  southern  survey  area.  The  Cox  and  Meteor  transforms  faults,  offset  the  ridge  by  92  and 
69  km  respectively;  at  the  32?30'S  and  3^30'S  discontinuities  the  MAR  axis  is  displaced  by  25  and  30 
km  respectively.  At  the  31°15'  S  and  ZflS'  S  discordant  zones,  the  MAR  is  offset  14  km  in  total, '  10 
km  of  which  is  associated  with  the  31°15’  S  discordant  zone.  The  axial  trace  of  the  SIMS’S  discordant 
zone  is  negligible  and  we  do  not  identify  separate  ridge  segments  on  either  side  of  it.  At  both 
transform  faults  in  the  survey  area,  we  see  narrow  deep  valleys  oriented  080°  that  continue  off  axis 
within  the  inactive  portion  of  these  fracture  zones.  At  the  Sl'TS1  S  and  33fa0'  S  discordant  zones 
however,  the  MAR  is  offset  by  oblique  trending  basins,  arranged  en  echelon  at  31°15'S  and  '45 
oblique  to  the  MAR  axis  at  33faO'S,  within  which  plate  motion  is  largely  accommodated  by  extension 
(Grindlay  et  al.,  this  issue).  At  the  resolution  of  Seabeam,  there  is  no  evidence  for  throughgoing 
ridge-perpendicular  faults  between  the  offset  portions  of  the  MAR.  Although  offset  or  the  MAR  at  32° 
30'S  is  comparable  to  that  at  the  other  second  order  discontinuities  in  the  region,  here  we  see  a 
shallow  throughgoing  trough  that  may  mark  a  zone  of  focussed  strike-slip  motion. 

The  Moore  discontinuity,  located  within  the  25-27^30'  S  area,  is  at  present,  an  oblique  shear 
zone  similar  to  the  second  order  discontinuities  within  the  southern  survey  area  (Fig.  2b).  Left-lateral 
displacement  of  the  MAR  at  the  Moore  discontinuity  has  evolved  from  over  100  km  during  the 
Eocene,  when  it  was  a  transform  fault  or  first  order  discontinuity,  to  9  J  km  at  the  present  (Cande  et 
al.,  1988).  The  Rio  Grande  transform  fault,  located  100  km  north  of  the  Moore  shear  zone,  offsets  the 
MAR  by  41  km  in  a  right  step.  The  Moore  and  Rio  Grande  offsets  subdivide  the  MAR  in  this  region 
into  three  ridge  segments  labelled  IN  to  3N  (Fig.  2b);  'N1  indicates  the  segment  is  located  within  the 
northern  survey  area. 
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Magnetic  Data 

A  compilation  of  the  total  field  magnetic  data  for  both  survey  areas  is  included  in  Fig.  3.  All 
data  were  collected  with  a  surface-towed  proton  precession  magnetometer.  For  the  25-27^30'  S  area, 
tracklines  100-200  km  long  and  spaced  6-8  km  apart,  provide  dense  magnetic  coverage  to  anomaly  3' 
for  much  of  the  survey.  Magnetic  coverage  in  the  southern  survey  area  was  obtained  out  to  anomaly  3 
time  along  tracks  spaced  '15  km  apart  and  '150  km  long.  Average  track  spacing  near  the  ridge  axis 
is  4-6  km  for  both  surveys,  providing  virtually  continuous  coverage  in  these  regions.  Survey  lines  are 
oriented  both  perpendicular  ('E-W)  and  parallel  (*N-S)  to  the  ridge.  Navigation,  based  on  transit 
satellites  and  GPS  when  available,  provides  absolute  positional  accuracy  of  250-500  m  for  these 
surveys.  During  Seabeam  post-processing,  positional  accuracy  is  improved  by  shifting  tracks  In  order 
to  minimize  cross-over  errors  for  overlapping  bathymetric  swaths.  After  these  navigation  corrections, 
maximum  cross-over  errors  in  the  total  field  magnetic  data  are  <  10  nT. 

The  magnetic  anomalies  in  our  South  Atlantic  data  (Fig.  3)  can  be  identified  with 
considerably  greater  ease  than  in  the  North  Atlantic.  Although  spreading  rates  are  less  than  twice 
those  of  the  slow  spreading  North  Atlantic,  much  of  the  detail  we  see  in  magnetic  data  from  the  fast 
spreading  EPR  can  be  identified.  For  example,  the  Jaramiilo,  an  event  rarely  recognizable  in  North 
Atlantic  magnetics  is  present  along  most  profiles  in  both  South  Atlantic  areas.  Interestingly, 
anomalies  are  noticeably  easier  to  identify  within  the  25-27^30'  S  area  than  from  31-34°30'  S  although 
spreading  rates  at  31-34^30’  S  are  only  2-3%  slower. 

In  order  to  improve  the  accuracy  of  spreading  rate  determinations,  we  have  carried  out  two- 
dimensional  inversions  of  the  observed  magnetic  anomaly  data  along  selected  lines.  We  have  used  the 
two-dimensional  Fourier  inversion  method  of  Parker  and  Huestis  (1974).  This  method  is  an  iterative 
procedure  in  which  the  observed  anomalous  field  along  a  chosen  profile  is  inverted  in  the  presence  of 
bathymetry  to  obtain  a  magnetization  solution.  The  method  removes  from  the  observed  data 
skewness,  and  the  complicating  effects  of  topography.  Assumptions  inherent  in  the  technique  are  that 
tiie  magnetization  of  the  source  layer  Is  constant  with  depth  and  is  oriented  parallel  to  an  axial 
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geocentric  dipole  Held,  that  the  upper  surface  of  the  magnetized  source  layer  is  the  observed 
bathymetry,  that  this  layer  is  of  constant  thickness,  and  has  a  geometry  that  only  varies  In  a  direction 
perpendicular  to  the  ridge  (l.e.  is  two-dimensional).  To  generate  geologically  reasonable  solutions 
(one  in  which  positive  and  negative  anomalies  away  from  anomaly  one  are  approximately  equal  in 
amplitude),  this  modelling  method  makes  use  of  the  annihilator;  the  magnetization  distribution  for  a 
given  topography  that  will  produce  no  external  field.  Any  multiple  of  the  annihilator  can  simply  be 
added  to  the  magnetization  solution  as  needed  to  balance  positive  and  negative  anomaly  amplitudes 
with  no  change  in  the  computed  field. 

Magnetization  solutions  obtained  for  selected  lines  within  each  survey  area  are  shown  in  Fig. 
4.  Only  lines  greater  than  50  km  in  length  were  selected.  Lines  less  than  10  km  from  a  fracture  zone 
were  excluded  from  the  analysis  as  the  assumption  of  a  two-dimensional  geometry  for  the  source 
layer  is  questionable  in  these  regions.  Prior  to  inversion,  the  magnetic  field  and  Seabeam  center  beam 
bathymetric  data  along  each  profile  were  projected  onto  a  ridge-perpendicular  trend  and  resampled 
at  500  m  intervals.  The  magnetization  solutions  in  Fig.  4  have  been  back  projected  approximately 
onto  the  original  tracklines  by  stretching  the  projected  bathymetric  profile  to  match  the  observed 
center  beam  data.  For  all  inversions,  a  1  km  source  layer  thickness  was  assumed.  The  International 
Geomagnetic  Reference  Field  1980  (Peddle,  1982)  was  removed  from  the  data  for  the  northern  area. 
The  regional  field,  approximated  by  a  best  fit  least-squares  line  was  subtracted  from  each  profile  in 
the  southern  area.  No  annihilator  was  needed  to  obtain  reasonable  solutions  for  any  of  the  profiles 
shown. 

Bandpass  filtering  or  the  magnetization  solution  must  be  carried  out  after  each  iteration  of 
the  Inversion  procedure,  as  the  Inversion  operator  amplifies  tht  short  and  long  wavelengths  of  the 
magnetization  spectrum.  A  bandpass  filter  with  a  cosine  taper  at  the  short  wavelength  end  from  2.5  • 
5.0  km  and  3.0  to  6.0  km  was  used  for  the  southern  and  northern  areas  respectively.  For  data  from 
the  northern  area,  a  filter  cut-off  of  2.5  km  allowed  spurious  short  wavelength  variation  to  remain  in 
the  solutions,  and  a  longer  cut-ofT  wavelength  of  3.0  km  was  required.  The  need  for  more  filtering  of 
the  northern  data  possibly  reflects  reduced  signal  to  noise  ratio  with  proximity  to  the  magnetic 
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equator  due  to  both  the  greater  frequency  of  magnetic  storms,  and  the  reduced  field  amplitude 
measured  at  the  earth's  surface.  The  long  wavelength  niter  parameters  were  set  at  the  profile  length 
(*150  km)  for  data  from  the  southern  area.  In  the  northern  area,  long-wavelength  filtering  using  an 
cosine  taper  from  100  km  Improved  the  quality  of  the  solutions  for  lines  greater  than  100  km  in 
length  and  resulted  in  no  long-wavelength  filtering  of  the  shorter  lines. 

Spreading  Rates 

Using  the  reversal  time  scale  of  Ness  et  al.  (1980),  anomalies  are  identified  from  the 
magnetization  solutions  and  spreading  rates  measured  perpendicular  to  the  ridge  for  each  anomaly 
interval.  We  assume  that  the  beginning  and  end  of  all  anomaly  intervals  except  anomaly  2  and  the 
Jaramillo,  correspond  with  the  location  of  half  the  peak  to  trough  distance  defining  the  edges  of  the 
Identified  anomaly.  For  anomaly  2  and  the  Jaramillo,  due  to  their  short  duration,  we  assume  the  peak 
amplitude  associated  with  these  anomalies  corresponds  to  the  middle  of  these  epochs.  Rates  are  not 
calculated  for  anomaly  intervals  less  than  0.25  my  in  duration.  Interval  half  opening  rates,  averaged 
over  all  magnetization  profiles  within  each  ridge  segment  are  indicated  in  Fig.  4.  These  spreading 
rates  represent  the  average  rate  along  the  length  of  the  ridge  segment  for  the  duration  of  the  anomaly 
interval.  Due  to  the  short  length  of  segment  3S,  and  its  resultant  proximity  to  a  fracture/discordant 
zone  along  its  length,  two-dimensional  analysis  is  not  appropriate  for  this  segment  As  a  result  we  do 
not  present  spreading  rates  for  ridge  segment  3S,  and  the  evolution  of  the  3/30'  S  offset  is  included 
with  that  of  the  Cox  fracture  zone.  Sources  or  error  in  spreading  rates  measurements  include 
navigation,  uncertainties  in  the  raw  magnetic  data,  the  reversal  time  scale,  and  in  anomaly 
identification  and  measurement.  Assuming  anomaly  identifications  are  correct  and  rigid  plate 
behavior,  errors  estimated  by  the  average  standard  deviation  of  interval  spreading  rates  are  +/-  2 
mm/yr.  The  range  in  standard  deviations  for  Interval  half  rates  is  Urge  (0.1  to  5.1  mm/yr),  the 
largest  standard  deviations  correspond  to  anomaly  intervals  during  which  we  can  document  intra¬ 
segment  rift  propagation  as  will  be  discussed  below. 
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Half  spreading  rates,  determined  for  the  total  time  elapsed  from  each  reversal  to  the  present, 
are  given  in  Table  1.  The  locus  of  present-day  crustal  accretion,  or  the  neovolcanic  zone,  is  identified 
from  the  bathymetry  and  local  highs  in  the  magnetization  distribution.  Errors  associated  with  these 
measurements  are  smaller  than  for  interval  half  rates  as  we  are  averaging  over  successively  larger 
time  periods  (+/-  OJ  mm/yr  one  standard  deviation). 

Variation  with  time  in  interval  half  spreading  rates  Is  shown  in  Fig.  5.  For  each  ridge 
segment,  these  rates  vary  from  one  anomaly  interval  to  the  next  by  3-4  mm/yr  on  average,  and  as 
much  as  10  mm/yr  between  some  time  periods.  On  the  time  scale  of  the  Individual  anomaly  intervals 
measured  over  (0.8  my  average  duration),  spreading  within  each  ridge  segment  has  generally  been 
asymmetric  and  the  sense  of  asymmetry  has  not  remained  constant  However,  for  half  spreading  rates 
averaged  over  time  periods  greater  than  '  1  my  in  duration,  the  same  sense  of  asymmetry  has  been 
maintained  within  the  entire  northern  area  and  within  ridge  segments  IS,  4S,  and  5S  (Table  1). 

Within  the  northern  area,  the  sense  and  degree  of  asymmetric  spreading  across  adjacent  ridge 
segments  has  been  that  required  to  reduce  ofTset  of  the  MAR  at  both  discontinuities  (11  km  at  the 
Moore  and  8.5  km  at  the  Rio  Grande  fracture  zones),  and  within  the  southern  area,  to  increase  oiTset 
at  the  31°15'S  discordant  zone  to  14  km,  reduce  offset  at  33’30'S  by  13  km,  and  maintain  the  oiTset 
lengths  of  the  Cox  and  Meteor  transform  faults  (Fig.  6). 

Total  opening  rates  for  each  anomaly  interval  are  plotted  in  Fig.  7.  Within  all  ridge 
segments,  rates  for  successive  intervals  do  not  vary  monotonically.  However,  from  25-27^30'S,  full 
spreading  rates  overall,  decreased  between  anomalies  4'  and  2  time  by  20-30%.  Full  rates  since  the 
Jaramillo  have  increased.  A  similar  pattern  is  seen  only  for  segment  2S  within  31-34*30'  S,  although 
data  coverage  is  less  extensive  within  this  area.  Brozena  (1986),  using  the  time  scale  of  LaBrecque  et 
al.,  (1977),  reports  a  decrease  in  spreading  rates  for  8-18  S,  of  more  than  25%  over  a  similar  time 
period  from  anomaly  4  to  2,  and  acceleration  since  2  my.  When  evaluating  changes  in  total  opening 
rates,  It  is  important  to  consider  that  correlated  changes  in  opening  rates  may  actually  reflect  errors 
in  the  anomaly  time  scale.  Differences  between  the  LaBrecque  et  al.  (1977)  timescale  and  that  of  Ness 
et  al.  (1980)  used  in  this  study  are  small  for  0-5  my. 
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Within  each  anomaly  interval,  full  spreading  rates  for  adjacent  ridge  segments  differ  by  3.7 
mm/yr  on  average  (*10%),  and  during  several  time  periods  by  more  than  6  mm/yr  (Fig.  7).  Full 
spreading  rates  along  the  length  of  a  spreading  center  are  expected  to  decrease  with  decreasing 
distance  to  the  pole  of  rotation  for  the  two  bounding  plate.  Using  the  Minster  and  Jordan  (1978)  pole 
of  rotation  for  the  South  America n/African  plates,  we  expect  spreading  rates  within  our  survey  areas 
to  decrease  by  +  /-0.1  •  0.2  mm/yr  over  1°  of  latitude.  This  variation  is  one  order  of  magnitude 
smaller  than  the  variation  we  see  in  interval  spreading  rates.  Errors  in  interval  spreading  rates  are 
large  (+-2  mm/yr  one  standard  deviation),  however,  for  several  time  periods  the  variation  we  see 
between  adjacent  segments  is  well  outside  these  errors  (e.g.,  segment  2N  compared  with  3N  for 
intervals  2-2'  and  3-3').  Such  large  differences  in  full  spreading  rates  across  adjacent  ridge  segments 
suggests  intraplate  deformation  (e.g.,  intra-segment  rift  propagation  or  non-rigid  behavior)  during 
these  time  intervals.  In  contrast  to  these  results  for  interval  full  rates,  for  rates  averaged  beyond 
anomaly  2  (Table  1),  differences  between  adjacent  ridge  segments  are  less  than  2.0  mm/yr  (average 
difference  0.8  mm/yr)  indicating  that  over  these  longer  time  scales  the  South  American-African 
plates  behave  rigidly. 

Transition  Widths 

Magnetic  polarity  transition  widths,  corresponding  to  the  distance  over  which  90%  of  the 
change  in  magnetic  polarity  occurs  (Atwater  and  Mudie,  1973)  were  measured  from  magnetization 
solutions  for  both  survey  areas.  Polarity  transitions  are  recorded  within  a  finite  width  of  ocean  crust 
which  reflects  primarily  effects  of  crustal  extension,  spreading  throughout  the  time  it  takes  for  the 
field  to  reverse,  and  crustal  accretion  and  alteration  processes.  Crustal  accretion  processes  that  give 
rise  to  finite  transition  widths  include  lava  flows  extending  significant  distances  from  their  feeder 
dikes  and  burying  older  flows,  the  Intrusion  of  dikes  over  a  finite  distance  from  the  spreading  center, 
and  accretion  of  the  gabbrolc  layer.  We  measured  transition  widths  from  magnetization  solutions 
projected  perpendicular  to  the  ridgr,  and  only  for  widely  spaced  reversals.  For  shorter  magnetic 
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events,  the  magnetized  layer  produced  may  not  be  uniformly  magnetized  at  any  time  during  the  event 
and  a  better  estimate  of  transition  widths  are  obtained  from  looking  at  anomaly  shape,  and 
amplitude  compared  with  adjacent  anomalies  (Atwater  and  Mudie,  1973;  Macdonald,  1977). 

The  mean  transition  widths  are  4.0  km  (+/-1.4  km  one  standard  deviation),  and  3.7  +/-1.5 
km  for  the  25-27^50'S  and  31-34^50'S  areas  respectively  (Table  2).  Although  we  were  expecting  that 
transition  widths  within  the  northern  area  might  be  slightly  narrower  than  In  the  southern  area, 
given  that  anomalies  are  comparatively  easier  to  identify,  we  in  fact  measured  slightly  wider 
transitions  in  this  area.  The  difference  between  the  two  areas  is  however,  small  and  probably  not 
significant  Transition  widths  are  shorter  for  the  beginning  of  the  central  anomaly  within  the 
northern  area,  which  may  in  fact,  reflect  the  greater  clarity  of  the  anomalies  generally. 

Transition  widths  vary  from  one  interval  to  the  next  (Table  2),  but  not  in  any  systematic 
manner.  We  do  not  see  any  overall  increase  with  age  as  might  be  expected  from  progressive  sea-floor 
weathering  of  the  magnetized  layer.  The  highest  transition  widths  measured  are  within  the  25-2/^30'S 
area  for  the  end  of  3‘  on  both  flanks  of  the  ridge,  the  beginning  of  3  on  the  east  flank,  and  the  end  of  2' 
on  the  west  flank  within  both  areas.  Larger  transition  widths  on  average  during  these  intervals  could 
reflect  times  of  intraplate  rift  propagation  (see  discussion). 

We  can  obtain  an  estimate  for  the  width  of  the  zone  of  crustal  emplacement  from  measured 
transition  widths  by  subtracting  the  width  of  crust  produced  during  spreading  throughout  the 
reversal,  and  the  amount  of  crustal  stretching  due  to  extension.  Assuming  it  takes  approximately 
10,000  yrs  for  the  field  to  reverse,  at  a  half  spreading  rate  of  17.5  mm/yr,  175  m  of  crust  would  be 
created.  Assuming  extension  rates  in  the  South  Atlantic  comparable  to  those  in  the  North  Atlantic 
FAMOUS  area  (*  15%  average  for  both  flanks,  Macdonald  and  Luyendyk,  1977),  over  a  4  km  strip  of 
crust,  *600  m  of  the  width  would  be  due  to  extension.  Subtracting  then  775  m  from  the  measured 
transition  widths  we  obtain  averages  of  3J  km  and  2.9  km  for  the  two  survey  areas,  which  presumably 
reflect  the  width  of  the  zone  of  crustal  formation.  There  Is  some  debate  as  to  whether  the  measured 
transition  width  corresponds  to  one  half  the  width  of  the  crustal  emplacement  zone  or  is  equal  to  it 


(Atwater  and  Mudie,  1973;  Macdonald,  1977;  Shouten  and  Denham,  1979).  Regardless,  we  can 
estimate  an  upper  bound  on  the  average  width  of  the  crustal  emplacement  zone  of  6.5  km  and  5.9  km. 

Blake! y  and  Lynn  (1977)  measured  transition  widths  from  surface  tow  magnetic  data 
collected  over  ridges  spreading  at  different  rates,  and  concluded  that  transition  width  increases  with 
increasing  spreading  rate.  In  contrast,  Sempere  et  al.  (1987),  based  on  an  analysis  of  Deep  Tow  data, 
found  that  transition  widths  may  decrease  slightly  with  increasing  spreading  rate.  They  concluded 
however,  that  the  more  significant  change  in  transition  width  with  spreading  rate  is  a  reduction  in  the 
range  of  widths  measured  with  increasing  spreading  rate.  Although  it  may  be  inappropriate  to 
compare  transition  widths  determined  from  Deep  Tow  data  with  those  from  surface  tow  data  due  to 
the  differing  resolution  of  the  two  data  types,  the  range  in  transition  widths  we  measure  (1-8  km)  and 
the  average  transition  width  (3.1  km)  are  comparable  to  that  found  in  the  FAMOUS  area  in  the 
North  Atlantic  using  Deep  Tow  data  (Macdonald,  1977).  Miller  (1977)  carries  out  a  comparison, 
based  on  spectral  analysis,  of  upward  continued  Deep-Tow  data  with  surface  tow  data  and  finds  an 
excellent  match  for  wavelengths  greater  than  4  km.  The  transition  widths  we  measure  are  close  to  this 
critical  wavelength  and  hence  comparison  with  North  Atlantic  Deep  Tow-derived  transition  widths  is 
not  wholly  Inappropriate. 

High  Amplitude  Magnetic  Anomalies 

In  the  anomalous  magnetic  field  (Fig.  3)  we  see  variation  along  strike  in  the  magnitude  of 
magnetic  anomalies  with  the  largest  magnetic  anomalies  observed  located  at  ridge-transform/shear 
zone  Intersections.  Highly  magnetized  rocks  have  been  dredged  at  propagating  ridge  tips  and  at 
ridge-transform  intersections  where  they  are  assumed  to  reflect  fractionation  within  the  distal  ends  of 
a  shallow  magma  chamber  (Sinton  et  al.,  1983;  Sempere  et  al.,  1988).  We  are  currently  carrying  out 
three-dimensional  analysis  of  the  magnetic  data  in  order  to  precisely  locate  these  high  amplitude 
anomalies  and  access  their  possible  association  with  a  geochemical  source.  We  use  a  three- 
dimensional  approach  because  we  are  Interested  In  magnetization  variations  adjacent  to 
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fracture/discordant  zones  where  topography  Is  such  that  a  two-dimensional  assumption  is 
inappropriate.  The  three-dimensional  procedure  we  use  is  a  direct  extension  of  the  two-dimensional 
Fourier  inversion  method  of  Parker  and  Huestis  (1974)  (see  Macdonald  et  al-,  1980  for  details).  We 
will  present  the  bulk  of  our  results  in  a  later  paper  but  include  here  a  three-dimensional  Inversion 
solution  for  the  Cox  fracture  zone  and  33^50'S  discordant  zone  (Fig.  8). 

There  are  two  features  of  particular  Interest  in  the  magnetization  distribution.  One  is  that 
high  magnetizations  located  adjacent  to  the  33^50'S  oblique  shear  zone  are  as  large  as  those  found  at 
the  Cox  transform  fault  At  both  discontinuities,  local  magnetization  highs  reach  15  Amps/m 
compared  with  an  8-10  Amps/m  average  magnetization  for  the  central  anomaly.  Variations  in  the 
magnetization  solution  may  in  fact  reflect  deviations  in  actual  crustal  thickness  from  the  constant 
thickness  assumed,  eg.,  high  magnetizations  could  reflect  local  crustal  thickening.  It  is  unlikely 
however  that  the  high  magnetizations  we  observe  at  the  ridge-discontinuity  intersections  are  due  to 
crustal  thickening.  Gravity  modelling  for  31o-34*lS0'  S  (Kuo  and  Forsyth,  1989)  Indicates  the  crust  is 
actually  1-3  km  thinner  beneath  the  33^30'S  discordant  zone,  in  which  case,  the  amplitude  of  the 
magnetization  highs  observed  represents  a  lower  bound  on  actual  magnitude. 

A  second  interesting  feature  is  that  local  magnetization  highs  are  observed  olf-axis  adjacent 
to  both  the  Cox  fracture  zone  and  the  33^0’  S  discordant  zone,  indicating  that  these  highly 
magnetized  zones  persist  with  age.  Magnetizations  locally  up  to  2-6  Amps/m  greater  than  the  average 
magnetization  for  the  polarity  interval  can  be  identified  in  some  places  beyond  anomaly  2'. 

Intra-Segment  Rift  Propagation 

A  close  look  at  magnetic  anomalies  indicates  a  rift  propagation  'event'  occurred  within 
segment  2N  1 J  to  2J5  my  ago  (l.e.,  between  anomaly  2  and  l’).  For  '40  km  north  of  the  Moore 
discontinuity,  the  negative  anomaly  between  anomaly  2  and  2'  widens  toward  the  fracture  zone  on 
both  flanks  of  the  ridge.  Furthermore,  anomaly  2'  on  the  eastern  flank  is  incomplete,  and  there  are 
positive  peaks  within  the  2-2'  interval  on  the  west  flank  that  cannot  be  Identified  in  the  anomaly  time 
scale.  It  appears  then,  that  within  this  region,  crust  of  anomaly  2'  age  has  been  transferred  from  the 
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east  flank  to  the  west  These  observations  all  indicate  rift  propagation  within  segment  2N  between 
anomaly  2  and  2'  time.  Corresponding  to  the  time  of  this  rift  propagation  'event',  the  morphology  of 
the  Moore  discontinuity  changes  abruptly  *  40  km  ofT-axls  from  a  broad  zone  of  ridge-parallel  fabric 
at  anomalous  depths,  to  a  classic  ridge-perpendicular  fracture  zone  valley  (Fig.  2b;  see  Grindlay  et 
at,  this  issue).  The  change  in  morphology  Is  marked  by  a  7  km  wide  ridge  on  the  west  flank  which 
rises  1000-1500  m,  and  a  valley  on  the  east  flank  both  aligned  approximately  parallel  to  the  present 
ridge  axis.  The  ridge  and  corresponding  valley  that  cross-cut  the  Moore  fracture  zone  may  be  the 
bathymetric  remnants  of  this  rift  propagation  'event'. 

There  are  two  possible  scenarios  for  propagation  within  segment  2N.  The  valley  on  the  east 
flank  could  be  the  fossil  trace  of  propagation  from  the  north  within  segment  2N  that  cut  outside  of 
the  eastern  rift  valley  wall,  rafting  it  off  to  the  west  and  shortening  offset  on  the  Moore  discontinuity. 
In  this  scenario,  the  rafted  rift  valley  wall  would  correspond  to  the  ridge  on  the  west  flank. 
Alternately,  the  ridge  on  the  west  flank  may  be  the  remnant  of  propagation  from  segment  3N  across 
the  Moore  fracture  zone  (Grindlay  et  al.,  this  issue).  We  cannot  determine  a  propagation  rate  for  this 
event  as  we  do  not  have  direct  evidence  of  the  propagation  (i.e.  pseudofaults).  However,  from  the  N-S 
extent  over  which  the  end  of  anomaly  2'  Is  disturbed,  and  assuming  the  event  occurred  between 
anomalies  2'  and  2,  we  can  determine  a  minimum  propagation  rate  of  60  mm/yr,  approximately  50% 
faster  than  the  total  opening  rate  at  this  time.  At  present,  the  Moore  shear  zone  is  located  *  12  km 
north  of  its  fhicture  zone  trace  prior  to  the  end  of  2'  time,  indicating  that  it  has  recently  migrated 
north  at  a  minimum  rate  of  5  mm/yr.  The  swath  of  sea  floor  disrupted  by  the  Moore  discontinuity 
since  2'  is  much  wider  than  that  prior  to  this  time  (Fig  2b),  and  the  Moore  shear  zone  may  have  since 
migrated  both  north  and  south  within  this  zone.  There  is  some  evidence  for  intraplate 
deformation/propagation  during  this  same  time  period  north  of  the  Rio  Grande  transform  fault. 
Here  we  see  a  reentrant  into  oceanic  crust  between  anomaly  2  and  2'  age  that  is  associated  with  large 
amplitude  magnetic  anomalies  (Figs  2b  and  3b). 

Full  spreading  rates  averaged  over  the  ridge  segment  north  of  the  Moore  discontinuity  are  6 
mm/yr  faster  than  south  of  it  during  2-2'  (Fig.  7).  As  noted  earlier  this  difference  is  much  greater 
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than  the  errors  in  our  measurements  and  the  change  in  spreading  rate  we  expect  to  see  with  change 
in  proximity  to  the  plate  pole  of  rotation.  Simultaneous  spreading  within  segment  2N,  at  the 
propagating  rift  in  addition  to  at  the  prior  location  of  spreading  (hence  an  'overlapping1  geometry) 
could  account  for  this  difference  in  full  spreading  rates  between  segment  2N  and  3N. 

There  are  similar  indications  of  rift  propagation  occurring  between  2*  and  the  Jaramilto  in 
the  vicinity  of  the  33^50'  S  discordant  zone.  Anomalies  2  and  2-2'  north  of  this  discontinuity  are 
disturbed  and  hard  to  identify  for  roughly  35*40  km.  Full  spreading  rates  between  2  and  2'  time  are  10 
mra/yr  faster  north  of  this  discordant  zone  than  south  of  It.  Furthermore,  there  is  a  change  in 
discordant  zone  morphology  at  '  2.5  my  from  more  narrowly  focussed  ridge*perpendicular  structure 
to  a  broader  zone  of  disrupted  terrain  (Grindlay  et  ai-,  this  issue).  In  the  vicinity  of  the  31°15'  S 
discordant  zone,  there  is  some  evidence  in  the  bathymetric  data  for  rift  propagation.  Here  we  see  a 
prominent  north-south  ridge  of  0.72-0.94  my  in  age,  that  cross-cuts  a  ridge-perpendicular  valley 
within  the  31°15'S  discordant  zone,  veiy  similar  in  morphology  to  the  ridge  cross-cutting  the  Moore 
fracture  zone.  This  ridge  may  be  the  morphological  remnant  of  rift  propagation  from  the  north. 
Alternatively,  this  ridge  may  be  a  rift  valley  wall  remnant  which  cross-cuts  the  31°15’  discordant  zone 
due  to  a  recent  southward  shift  of  the  discontinuity.  Although  current  offset  at  31*25'  S  is  negligible, 
there  is  a  north-pointing  v-shaped  distribution  of  both  bathymetric  lows  and  magnetic  highs  (Figs.  2a 
and  3a)  centered  about  31^25'  S  indicating  northward  migration  of  this  short  discordant  zone  at  a 
rate  of  '20  mm/yr  over  the  past  2J>  my.  Overall,  the  evidence  for  rift  propagation  within  the  southern 
area  is  not  as  compelling  as  that  within  the  northern  area.  However,  the  dear  evidence  at  the  Moore 
discontinuity  lends  credence  to  the  interpretation  of  similar  features  in  the  magnetic  and  bathymetric 
data  of  the  southern  area  as  intraplate  rift  propagation. 

Changing  offset  distances  at  discontinuities 

From  the  isochron  locations  shown  in  Fig.  4,  we  have  reconstructed  the  history  of  ofTset  of 
the  MAR  along  each  of  the  surveyed  discontinuities  (Fig.  9).  As  noted  earlier,  the  evolution  of  the 
oblique  shear  zone  at  3^30'S  cannot  be  well  resolved  with  two-dimensional  analysis  of  our  magnetic 
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data  and  we  have  included  offset  due  to  this  feature  with  evolution  of  the  Cox  fracture  zone.  Similarly 
the  evolution  of  the  31^5*  S  discordant  zone  cannot  be  distinguished  from  that  of  the  3i°15'  S 
discordant  zone  and  we  include  offset  at  this  discontinuity  with  the  31°15’  discordant  zone.  The  offset 
of  isochrons  at  a  ridge-axis  discontinuity,  measured  on  the  east  and  west  flanks  of  the  ridge  should  be 
the  same  assuming  rigid  plate  behavior.  However,  for  several  time  periods,  east  and  west  offsets 
differ  by  more  than  4  km  (Fig.  9).  The  largest  difference  observed  (12  km)  is  for  the  31°15’S 
discordant  zone  at  the  beginning  of  anomaly  3.  During  this  time,  isochron  offset  on  the  east  flank  was 
close  to  0  km  but  in  the  opposite  sense  to  that  observed  at  all  subsequent  times  on  both  flanks,  and  to 
the  sense  of  offset  at  this  same  time  on  the  west  flank.  Although  we  do  not  have  data  beyond  this  time, 
it  is  likely  that  this  behavior  reflects  the  initiation  of  the  Sl^'S  discordant  zone.  The  discrepancies 
between  east  and  west  isochron  offsets  at  the  Cox  fracture  zone  are  up  to  AS  km  and  probably  reflect 
lack  of  control  on  the  evolution  of  the  32^30'  S  discordant  zone.  Most  other  differences  in  east  and 
west  isochron  offsets  occur  during  time  periods  when  the  lengths  of  the  ridge  discontinuities  were 
changing  (see  below)  and  may  correspond  to  intraplate  riit  propagation  and  associated  non-rigid 
behavior  outlined  earlier. 

Average  offset  of  isochrons  for  which  we  have  data  on  both  flanks  of  the  ridge,  are  plotted  for 
all  discontinuities  in  Fig.  10.  To  emphasize  how  the  lengths  of  these  first  and  second  order 
discontinuities  have  varied  through  time,  the  mean  offset  for  each  discontinuity  has  been  removed 
and  all  are  plotted  together  (Fig.  10).  From  these  ptots  we  see  that  all  discordant  zones  within  both 
survey  areas  and  the  Rio  Grande  fracture  zone  changed  in  length  over  approximately  the  same  time 
period.  Between  4  and  1  my,  the  Moore,  Rio  Grande,  and  3/30  discontinuities  shortened  in  length 
while  offset  of  the  MAR  at  the  31°15  discordant  zone  grew.  At  ail  four  locations,  the  change  in  offset  of 
the  MAR  was  on  the  order  of  10  km.  Unlike  these  smaller-offset  discontinuities,  the  length  of  the  Cox- 
3/30*  S  fracture  zone  remained  approximately  constant  That  the  combined  average  offset  at  the  Cox 
and  32*30'  S  discontinuities  has  remained  constant  implies  that  the  32^30’S  discontinuity  is  actually  a 
part  of  the  greater  Cox  transform  fault  and  hence  it  may  be  inappropriate  to  consider  the  short 
region  (segment  3S)  between  these  two  discontinuities  as  an  Independent  ridge  segment.  Its  behavior 
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may  be  controlled  primarily  by  tectonics  within  the  Cox  transform  domain  Just  as  are  the  small  pull- 
a parts  which  have  briefly  evolved  into  spreading  centers  near  14°W  (Fox  et  al.,  this  issue).  At  the 
Meteor  fracture  zone,  we  only  have  data  beyond  anomaly  2  for  the  east  flank.  Based  on  these  data,  the 
Meteor  shortened  and  lengthened  from  5  to  1  my,  so  that  Its  present  length  is  approximately  the  same 
as  that  6  my  ago.  Offset  of  the  MAR  at  the  Moore  discontinuity  has  been  comparatively  constant 
since  and  prior  to  the  period  of  change  from  2-4  my.  The  length  of  the  3I°15'S  discordant  zone  has 
also  been  essentially  constant  for  the  past  2  my.  The  rate  of  change  in  length  at  all  discordant  zones 
has  been  continuous  at  the  scale  of  0.8  my  intervals  at '  7  km/my.  This  rate  of  change  could  easily  be 
accomplished  by  small  rift  jumps  within  the  10*2 0  km  wide  inner  rift  valley  floor. 

Discussion 

What  causes  offset  length  variability? 

The  temporal  instability  of  offset  length  at  second  order  discontinuities  may  be  a  direct 
response  to  changes  in  plate  motion  or  alternatively,  adjacent  ridge  segments  may  have  relatively 
Independent  spreading  histories  giving  rise  to  offset  variations.  There  are  indications  of  a  change  in 
plate  motion  prior  to  the  period  of  change  in  length  of  the  discordant  zones  we  have  studied.  Cande  et 
al.  (1988)  determined  one  pole  or  rotation  for  the  South  American-African  plates  Tor  the  past  9  my. 
However,  Grindlay  et  al.  (this  issue)  have  modelled  isochrons  and  fracture  zone  orientations  for  31- 
3^30*  S  and  25-27*50'  S  and  find  a  best  fit  pole  requires  a  slight  change  in  plate  orientation  at 
anomaly  3  time  ("4.7  my).  Van  Andel  and  Moore  (1970)  found  a  discontinuity  in  spreading  rates  at  7- 
SflS  near  anomaly  3  time.  Offset  of  the  MAR  at  31°15'S  appears  to  have  initiated  just  prior  to  anomaly 
3  time.  Rift  propagation  may  accompany  plate  reorganization  (e.g.  Hey  et  al.,  1986).  Brozena  (1986) 
reports  a  period  of  ridge/fracture  zone  modification  within  8-lf^S  between  4  and  3  my  that  includes 
rift  propagation  into  8  my  crust.  More  recent  propagation,  during  anomaly  2'-2,  occurred  at  the 
Moore  discontinuity  and  within  segment  4S.  Although  the  timing  of  ail  the  events  outlined  above  are 
not  identical,  they  are  roughly  synchronous  with  the  period  of  change  in  discordant  zone  offset  from 
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4my  to  1  my,  and  a  causal  relationship  is  implied  l.en  plate  motion  changes  may  give  rise  to  variation 
in  the  offset  lengths  of  ridge  axis  discontinuities. 

The  evolution  of  fracture  zones  within  8-18?S  reported  by  Brozena  (1986),  is  remarkably 
similar  to  that  found  for  our  study  area  (Fig.  11).  Short  offset  fracture  zones  within  this  area 
systematically  shortened  or  lengthened  within  the  past  10  my  (e-g.,  Fig.  11,  fracture  zones  C,  B',  and 
A).  Change  in  the  length  of  each  discontinuity  was  on  the  order  of  10  km,  and  was  contemporaneous 
with  changes  in  total  opening  rates.  The  similarity  in  the  magnitude  of  fracture  zone  length  change 
within  8-lifti  and  our  survey  areas  to  the  south  suggests  coupling  between  these  ridge  segments  and 
readjustment  of  the  plate  boundary  along  this  length  to  a  similar  driving  force.  Fracture  zones  within 
8>lifs  were  changing  length  well  before  the  period  of  change  we  see  in  our  survey  areas.  However,  this 
difference  may  reflect  a  finite  response  time  of  ridge  segments  to  changes  in  plate  motion.  Given  the 
geometry  of  the  plate  boundary  at  8-lflPs,  the  offset  variation  observed  since  anomaly  4  time  is  that 
expected  for  a  clockwise  rotation  of  the  spreading  axis.  One  clockwise  rotation  will  not  however, 
account  for  the  evolution  of  the  fracture  zones  and  discordant  zones  within  either  the  25-27*30'S  or 
31-3^30'S  survey  areas.  The  3^30*  S  and  31®15’S  discordant  zones  are  both  right  stepping,  but  one 
has  grown  while  the  other  has  decreased  in  length.  The  Rio  Grande  and  Moore  discontinuities  are 
right  and  left  stepping  respectively,  yet  both  have  shortened  in  length.  The  geometry  and  evolution  of 
these  two  offsets  is  such  that  continued  reduction  in  length  will  eventually  result  in  a  throughgoing 
MAR  and  evolution  toward  such  a  minimum  energy  configuration  may  be  a  mechanism  contributing 
to  temporal  variability  in  the  ofTset  length  of  some  discordant/fracture  zones  (Lachenbruch,  1976). 

Brozena  (1986)  concludes  that  the  plate  boundary  from  8-l^lS  has  evolved  in  response  to 
shifts  in  plate  motion  with  the  fragmentation  and  rotation  of  ridge  segments  between  fracture  zones. 
There  Is  evidence  for  a  shift  in  plate  motion  since  '  5  my  (anomaly  3  time)  and  we  do  see  subsequent 
offset  variation  of  approximately  the  same  magnitude  at  seveial  locations.  However,  as  one  rotation 
of  the  spreading  axis  would  not  generate  the  offset  variability  seen  at  25-27*30'  S  and  31-34*50'  S,  we 
conclude  that  individual  ridge  segments  may  respond  independently  to  changes  in  plate  motion  giving 
rise  to  discordant/fracture  zone  length  variability. 
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Also  of  interest  is  the  apparent  difference  in  the  length  stability  of  first  and  second  order 
discontinuities.  Assuming  rigid  plate  behavior,  changes  in  plate  motion  would  be  expected  to  be 
accommodated  by  systematic  shortening/lengthening  of  transform  faults.  As  the  age  contrast  in 
oceanic  lithosphere  across  second  order  discontinuities  is  minimal,  it  is  reasonable  to  expect  that 
deformation  associated  with  a  reorganization  of  the  plate  boundary  could  more  easily  be 
accommodated  across  these  features  than  large  offset  transforms  faults.  This  expectation  is 
supported  by  the  greater  length  stability  observed  for  the  long  transforms  faults  ( >  80  km)  both  at 
31-34^0'  S  and  at  8-llfS  (Figs.  10  and  11).  Over  the  time  period  studied,  the  transform  fault  at  lf$  ( 
presently  82  km  in  length),  and  the  Cox  transform  fault  have  changed  little  in  length  (+/-3  km).  The 
Meteor  transform  fault,  which  has  changed  length  but  at  present  (69  km)  has  roughly  the  same 
length  as  6  my  ago,  may  lie  within  some  transitional  range  between  transform  faults  with 
considerable  length  stability  ( >80  km)  and  those  (<50  km)  that  readily  change  length  over  time.  (It 
is  important  to  note  here,  that  although  these  data  indicate  large  offset  fracture  zones  are  more 
stable  on  the  time  scale  of  5-10  my,  over  longer  time  periods  this  stability  is  not  maintained.  The 
Moore  fracture  zone  has  evolved  from  an  offset  length  of  over  100  km  during  the  Eocene,  similar  to 
the  present-day  lengths  of  the  larger  offset  transform  faults  studied.) 

Why  is  the  magnetic  signal  so  large  at  small  discontinuities? 

Oblique  shear  zones  located  within  our  study  area  are  associated  with  surprisingly  large 
magnetic  and  structural  signals;  comparable  in  magnitude  to  those  observed  at  transform  faults.  Our 
three-dimensional  analysis  of  the  magnetic  data  (Fig.  8)  shows  that  magnetization  highs  located  at 
the  32f30'S  discordant  zone  are  as  large  as  those  observed  at  the  Cox  ridge-transform  intersection. 
Fox  and  Gallo  (1984)  suggest  that  much  of  the  change  observed  in  ridge  morphology  as  a  transform 
fault  is  approached  can  be  explained  in  terms  of  the  'cold  edge  effect*  generated  by  the  age  contrast  in 
crust  across  the  transform  fault.  Clearly  at  the  oblique  shear  zones  in  the  South  Atlantic,  this  effect 
should  be  reduced  and  we  would  expect  to  see  a  more  subdued  bathymetric  expression  than  at 
transform  faults.  We  do  not  see  this.  Indeed  the  nodal  basins  at  the  3^30'  shear  zone  are  deeper  than 
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the  deepest  parts  of  the  Meteor  transform  fault  (Grindlay  et  al.  in  prep).  The  high  inside  corners 
located  at  this  discordant  zone  are  as  large  as  those  observed  at  the  either  the  Cox  or  Meteor 
transform  faults  (Severinghaus  and  Macdonald,  1988).  Furthermore,  crust  is  disturbed  over  a  wider 
swath  of  sea  floor  at  ail  second  order  discontinuities  than  at  the  69  km  tong  Meteor  transform  fault 
The  traces  of  second  order  discontinuities  located  on  fast  spreading  ridges  (i.e.  overlapping 
spreading  centers  on  the  East  Pacific  Rise)  are  also  associated  with  surprisingly  large  disruptions  of 
the  magnetic  anomalies  and  bathymetry  given  the  very  small  age  offset  ( <  0.1  my)  across  them 
(Macdonald  et  al.,  1988). 

The  southern  MAR  appears  segmented  on  two  distinct  scales,  one  defined  by  transform 
faults  (first  order  discontinuities)  spaced  more  than  100  km  apart,  and  a  second  shorter 
segmentation  interval  of  50*100  km  marked  by  the  occurrence  of  discordant  zones  (second  order 
discontinuities).  Several  authors  have  suggested  that  MAR  segmentation  on  the  finer  scale  may 
reflect  segmentation  of  mantle  upwelling  (Crane,  1985;  Whitehead  et  al„  1984).  Macdonald  et  al. 
(1984)  suggest  that  the  morphology  and  existence  of  overlapping  spreading  centers  on  the  East 
Pacific  Rise  results  from  along  axis  variation  in  the  magmatic  budget.  They  propose  a  model  in  which 
overlapping  spreading  centers  are  located  at  the  distal  ends  of  centers  of  magma  supply  from  which 
magma  migrates  laterally  along  axis.  Presumably,  the  distal  ends  of  these  upwelling  centers  receive  a 
reduced  magma  supply  giving  rise  to  a  colder  thermal  regime  and  possibly  thinner  crust  Similar 
along  axis  variation  in  magmatic  budget  may  account  for  the  large  magnetic,  geochemical  and 
morphologic  signals  at  second  order  discontinuities  of  the  southern  MAR.  A  reduced  magma  supply 
near  the  end  points  of  each  segment  may  result  in  short-lived  transient  magma  chambers  whose 
eruptive  products  become  highly  fractionated  and  strongly  magnetized  (eg.  Sinton  et  aL,  1983). 

The  independence  of  spreading  histories  for  adjacent  ridge  segments 

Our  study  of  the  magnetic  data  indicate  independent  spreading  histories  for  adjacent  ridge 
segments  in  terms  of  the  sense  and  degree  of  asymmetric  spreading  and  differences  in  total  opening 
rates  for  adjacent  ridge  segments.  This  relative  independence  of  spreading  may  reflect  significant 
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decoupling  in  the  magmatic  source  region  for  adjacent  ridge  segments.  This  view  is  supported  by  the 
work  of  Kuo  and  Forsyth  (1989)  from  their  determination  of  the  mantle  Bouguer  anomaly  for  the  31- 
34%0'S  area.  To  emphasize  deviations  from  normal  oceanic  lithospheric  structure,  they  have 
subtracted  from  the  mantle  Bouguer  anomaly  the  effects  of  density  variations  in  the  upper  mantle 
due  to  a  passive  flow  model  of  spreading.  The  resulting  residual  anomalies  show  anomaly  highs 
associated  with  the  traces  of  the  three  discordant  zones  at  31°lS*  S,  32°30'  S,  and  33^0*  S,  indicating 
crustal  thinning  and/or  lower  mantle  temperatures  in  these  regions.  The  residual  anomaly  is  most 
pronounced  for  the  33°30'  S  discordant  zone,  and  they  infer  that,  for  the  past  4  my,  crust  produced  at 
this  discontinuity  is  1-3  km  thinner  than  adjacent  seafloor.  In  addition,  they  find  a  distinct  'bulls  eye* 
mantle  Bouguer  low  centered  on  the  shallow  part  of  ridge  segment  4S,  which  may  reflect  a  local 
plume-like  region  of  mantle  upwelling  or  significant  crustal  thinning  away  from  this  region.  Both  of 
these  results  suggest  that  magma  supply,  which  controls  crustal  thickness.  Is  variable  along  this 
portion  of  the  southern  MAR  and  in  particular,  Is  significantly  reduced  at  second  order 
discontinuities.  The  morphology  of  the  southern  MAR  rift  valley  within  segment  2N  shallows  and 
narrows  along  strike  similar  to  the  shallowing  within  segment  4S.  The  v-shapcd  distribution  of  off- 
axis  highs  centered  about  the  shallowest  part  of  the  ridge  suggests  this  shallow  region  has  persisted 
and  has  migrated  along  the  strike  of  the  ridge.  Petrologic  studies  of  axial  basalts  dredged  from 
segment  2N  indicate  a  deep  central  supply  beneath  this  ridge  segment,  although  they  do  not  support 
along  axis  melt  migration  from  a  central  supply  toward  the  ends  of  this  ridge  segment  (Batiza  et  ah, 
1988). 

Schouten  and  White  (1980),  based  on  a  study  of  variable  ofTset  discontinuities  in  the  North 
Atlantic,  suggest  that  these  discontinuities  separate  the  northern  MAR  into  distinct  spreading  cells 
which  respond  independently  to  changes  in  relative  plate  motion  and  which  remain  stable  in  location 
over  long  time  periods  (at  least  IS  my).  They  postulate  a  thermal  memory,  associated  with  anomalous 
crust  generated  at  fracture  zones,  that  maintains  the  stable  system  of  spreading  cells  even  though 
offset  at  the  bounding  discontinuities  Is  highly  variable  and  can  disappear  altogether.  In  contrast  to 
Shouten  and  White  (1980),  our  data  show  that  small-offset  discontinuities  can  migrate  slowly  along 
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strike  (  e.g.,  recent  migration  at  the  Moore  and  31  25  discordant  zones),  although  other  discordant 
zones  studied  have  remained  spatially  stable  (e.g.,  at  33*30'  S  and  3^30'  S). 

Causes  of  intrasegment  propagation 

Intrasegment  rift  propagation  at  the  Moore  discontinuity  is  associated  with  change  in 
morphology  from  well  defined  ridge-perpendicular  structure  to  a  wider  diffuse  zone  of  more  oblique¬ 
trending  and  ridge-parallel  fabric.  Propagation  occurred  when  the  length  of  the  Moore  discontinuity 
was  '15  km,  corresponding  to  an  age  contrast  in  lithosphere  across  this  feature  of  <  1.0  my. 
Propagation  occurred  through  the  31°15’S  shear  zone  when  its  offset  was  ‘14  km  and  at  33^30'S  when 
its  length  was  *  37  km.  Presumably  as  age  contrast  across  a  discontinuity  decreases  the  probability  of 
propagation  across  it  into  the  thin  weak  lithosphere  on  the  opposite  side  increases.  Phipps  Morgan 
and  Parmentier  (1985)  suggest  that  rift  propagation  is  driven  by  gravitational  forces  associated  with 
elevation  gradients  along  the  ridge  axis.  These  elevation  gradients  may  reflect  along  axis  magma 
supply  (higher  regions  corresponding  to  upwelling  centers)  implying  rift  propagation  due  to  along- 
axis  magmatic  variability.  Alternatively,  rift  propagation  may  occur  in  response  to  changes  in  plate 
motion.  There  Is  some  evidence  as  outlined  earlier,  for  a  change  in  plate  motion  circa  anomaly  3. 
Propagation  'events'  occurred  more  recently  and  were  simultaneous  at  33^)0'  S  and  at  the  Moore 
discontinuity.  Propagation  at  Sf'lS'  S  however,  was  not  contemporaneous  with  these  events,  and  both 
the  31°25’  S  and  Moore  discordant  zones  have  migrated  north  along  axis  more  or  less  continuously 
since  anomaly  2.  During  a  period  of  fracture  zone/ridge  reorientation  from  anomaly  3  to  2  time, 
Brozena  (1986)  reports  a  ridge  jump  or  propagation  into  8  my  old  crust  across  the  fracture  zone 
located  at  17°  S.  This  propagation  required  the  establishment  of  a  new  transform  fault  within  cold 
thick  lithosphere  *  50  km  north  of  its  former  location  and  Brozena  (1986)  concludes  this 
reorganization  of  the  plate  boundary  must  have  been  a  response  to  a  forcing  mechanism  like  a 
change  in  plate  motion.  Based  on  the  temporal  relationship  between  several  of  the  propagation 
'events'  outlined  above,  it  is  likely  that  Intrasegment  propagation  within  our  study  area  is  related  to 
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changes  in  plate  motion.  However,  magmatic  variability  in  the  rate  of  magma  supply  and  a  reduced 
age  contrast  across  a  ridge  discontinuity  are  also  indicated  as  possible  causes. 

Rigid  vs  non-rigid  behavior 

On  a  regional  scale  and  over  long  time  periods,  the  southern  MAR  plate  boundary  clearly 
behaves  rigidly.  Full  spreading  rates  within  8-18%  and  25-27^50  S,  spanning  20°  show  the  same 
pattern  of  change  through  time  for  the  past  8  my.  Discordant  zones  along  this  boundary  have 
simultaneously  changed  length  along  at  least  10°  of  the  ridge  (from  25-27%0'  S  and  31-34^50'S).  These 
changes  may  have  occurred  in  response  to  a  minor  change  In  pole  of  opening  for  the  southern  MAR 
circa  anomaly  3  time.  On  the  time  scale  of  polarity  epochs  and  spatial  scale  of  ridge  segments 
however,  our  data  implies  significant  non-rigid  behavior  at  the  southern  MAR.  Significant  differences 
in  total  interval  opening  rates  between  adjacent  ridge  segments  (10%  on  average,  Fig.  7)  imply  non- 
rigid  behavior,  as  do  differences  in  interval  half  spreading  rates  within  a  ridge  segment,  reflected  in 
the  deviation  of  isochrons  in  Fig.  4  from  straight  and  parallel  lines  (on  the  order  of  10%).  The  largest 
differences  observed  in  both  interval  half  rates  within  a  segment  (e.g.  up  to  100%  along  the  end  of 
anomaly  2'  isochron  within  segment  2N)  and  total  opening  rates  between  segments  (  e.g.  20%  between 
segments  2N  and  3N  for  anomaly  1-V)  correspond  to  the  period  of  rift  propagation  at  the  Moore  and 
3^0'  S  discontinuities.  However,  those  differences  (on  the  order  of  10  %)  not  clearly  related  to 
propagation  events  imply  intraplate  deformation.  Le  Douaran  et  al.  (1982)  find  changes  in  interval 
total  opening  rates  along  the  northern  MAR  from  14°to  3^N  that  exceed  the  changes  predicted  by  the 
Minster  and  Jordan  (1978)  pole  for  the  North  American-African  plates.  When  they  average  over 
longer  time  periods  than  an  anomaly  interval  these  changes  in  total  opening  rates  along  the  ridge 
diminish  to  fit  the  rigid  plate  model.  They  interpret  their  results,  which  are  similar  to  ours,  as 
reflecting  non-rigid  behavior  occurring  on  the  time  scale  of  polarity  epochs.  It  seems  unlikely  that  far 
field  stresses  predicted  from  the  slab  pull  hypothesis  could  be  variable  enough  in  time  and  space  to 
account  for  this  result  Perhaps  a  more  likely  explanation  for  these  variations  is  a  local  source  of 
increased  total  opening  rate  within  an  individual  spreading  segment  either  by  means  of  crustal 
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extension  due  to  faulting,  variable  resistance  to  spreading  due  to  frictional  or  visco  dynamic  effects, 
or  due  to  variable  rates  of  magma  supply  and  volcanism.  These  processes  might  vary  on  the  time 
scale  of  0.8  my  (the  average  duration  of  the  magnetic  anomaly  intervals  examined  in  this  study)  or 
less  and  on  the  spatial  scale  of  a  ridge  segment  (Pockalny  et  al.,  1988).  The  degree  of  non-rigid 
behavior  is  not  unreasonable.  For  example,  if  all  of  the  non-rigid  behavior  Is  accommodated  by 
amagmatic  extension,  only  10%  extension  Is  needed  in  most  cases.  These  rates  of  extension  are  within 
the  bounds  of  studies  in  the  FAMOUS  area  (Macdonald  and  Luyendyk,  1977),  the  Kane  area 
(Pockalny  et  al.,  1988;  Karson  et  alM  1987)  and  the  Josephine  ophiolite  (Norrell  and  Harper,  1988). 

Conclusions 

Interval  spreading  rates,  which  reflect  the  stability  through  time  or  the  spreading  process, 
indicate  that  spreading  within  each  ridge  segment  has  been  asymmetric  with  the  sense  of  asymmetry 
often  changing  from  one  interval  ('0.8  my  duration)  to  the  next.  Averaged  over  longer  time  periods 
(>1.0  my)  however,  the  sense  of  asymmetry  has  generally  remained  the  same.  Full  interval  spreading 
rates  for  adjacent  ridge  segments  differ  by  10  %  on  average.  These  differences,  which  exceed  our 
measurement  errors  and  are  substantially  more  than  the  expected  change  with  changing  proximity  to 
the  pole  of  rotation  for  the  South  American  and  African  plates,  may  reflect  non-rigid  behavior.  Total 
opening  rates  from  25-27^30'  S  have  decreased  by  20-30%  from  anomaly  4'  to  2  time.  Full  rates  since 
the  Jaramillo  have  increased.  We  see  this  same  pattern  for  only  one  ridge  segment  within  31-3<^30'  S, 
although  our  data  coverage  here  is  less  extensive.  The  changes  in  spreading  rates  we  see  may  be  of 
global  significance  or  may  point  to  significant  errors  in  the  anomaly  time  scale. 

Magnetization  highs  of  comparable  magnitude  are  located  at  both  the  large  offset  Cox 
fracture  zone  and  short  offset  3^30'  S  discordant  zone-ridge  intersections.  These  magnetization  highs 
persist  off  axis  and  can  be  traced  In  places  beyond  anomaly  2'. 

Within  the  past  10.0  my,  the  Moore  transform  fault  has  evolved  from  a  classic  ridge- 
perpendicular  feature  with  an  offset  of  over  25  km  to  an  oblique-trending  second  order  ridge-axis 
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discontinuity  9J  km  in  length.  The  change  occurred  between  2.5  and  1.8  my  and  involved  a  rift 
propagation  'event1  which  transferred  crust  of  anomaly  2*2'  time  from  the  east  to  west  flank  of  the 
ridge.  Since  that  time,  the  Moore  discontinuity  has  migrated  north  approximately  12  km.  Although 
less  clear,  there  is  evidence  for  rift  propagation  'events'  during  the  same  time  interval  in  the  vicinity 
of  the  33^30’S  discontinuity  and  since  anomaly  2  time  at  the  31°15'S  discontinuity. 

Discordant  zones  within  both  survey  areas  have  systematically  lengthened  or  shortened  by ' 
10  km  during  the  time  interval  from  1  my  to  4  my  while  larger-oflset  fracture  zones  have  remained 
comparatively  constant  in  length.  Changing  offset  along  these  short-offset  discontinuities  may  be  a 
mechanism  by  which  the  plate  boundary  responds  to  changes  in  plate  motion.  However,  the  sense  in 
which  the  length  of  each  offset  has  evolved  (i.e.  lengthening  or  shortening)  is  not  simply  related  to  the 
sense  of  offset  (i.e.  right  or  left  lateral)  across  each  discontinuity,  and  could  not  reflect  one  simple 
adjustment  of  the  entire  plate  boundary  in  this  region  to  a  change  in  the  direction  of  plate  opening. 
Individual  ridge  segments  within  our  study  area  have  independent  spreading  histories  in  that  the 
amount  and  sense  of  asymmetric  spreading  and  total  opening  rates  for  adjacent  ridge  segments 
differ.  Independent  spreading  histories  may  reflect  significant  decoupling  in  the  mantle  source  region 
for  these  ridge  segments  and  we  conclude  that  ridge  segments  may  respond  independently  to  changes 
in  plate  motion  giving  rise  to  discordant  zone  length  variability. 
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Figure  Captions 


Figure  1.  Location  of  the  detailed  ridge  crest  surveys  superimposed  on  shaded  relief  seafloor  map 
(Heirtzler,  1 985). 

Figure  2.  Seabeam  bathymetry  for  a)  31-3490*  S  and  b)  25-2790'  S.  All  ridge  segments  are  labelled  as 
referred  to  in  the  text.  Bathymetric  data  has  been  gridded  at  1  km  grid  spacing  and  recontoured. 
Contour  interval  250  m,  grey  level  change  500  m.  See  Fox  et  al.,  this  issue  and  Grindlay  et  aln  this 
issue,  for  complete  bathymetric  maps  and  discussion  of  their  significance.  Note  the  variation  in 
fracture/discordant  zone  morphology  in  these  areas. 

Figure  3.  Magnetic  anomaly  field  for  a)  31-34°30'S  and  b)  25-27*50'  S.  The  anomalous  field  is 
contoured  at  100  nT  intervals.  Negative  anomalies  are  shaded.  Track  line  control  Is  indicated  with 
small  dashes  at  contour  crossings.  To  obtain  the  anomalous  field,  a  best  fit  plane  to  the  regional  field 
is  removed  for  the  31-34^50’S  area.  For  the  25-2790*  S  area,  a  best  fit  plane  to  the  IGRF  1980  is 
removed. 

Figure  4.  Magnetization  solutions  for  a)  31 -3490'S  and  b)  25-2790'  S.  Small  numbers  give  average 
interval  half  spreading  rate  within  a  ridge  segment,  as  determined  from  magnetization  solutions 
projected  perpendicular  to  the  ridge  axis.  Solutions  shown  here  are  back-projected  approximately 
onto  the  original  track  lines.  Due  to  the  short  duration  of  the  J  to  1  interval,  interval  spreading  rates 
given  are  from  2  to  1.  Small  dots  show  the  location  along  each  track,  of  all  anomaly  picks  used  for 
spreading  rates  determinations.  Picks  from  magnetization  solutions  in  addition  to  those  shown  here 
are  included.  Anomaly  picks  determine  isochron  locations,  which  are  shown  in  medium  line. 
Disruption  of  anomalies  2-2',  and  2'  within  segment  2N  reflects  an  intra-segment  rift  propagation 
'event'  that  has  left  bathymetric  remnants  which  cross-cut  the  Moore  discordant  zone.  The  deviation 
of  other  isochrons  from  straight  and  parallel  lines  may  reflect  non-rigid  behavior  within  a  ridge 
segment 

Figure  5.  Histograms  of  interval  half  spreading  rates  for  each  ridge  segment.  Rates  for  the  eastern 
flank  of  the  MAR  are  shown  with  dashed  line,  and  for  the  western  flank,  with  solid  line.  Graphs  show 
significant  asymmetric  spreading  within  each  ridge  segment,  the  magnitude  and  sense  of  which  has 
varied  over  time.  Differences  in  asymmetric  spreading  for  adjacent  ridge  segments  have  given  rise  to 
variable  offset  on  bounding  discordant  zones  and  indicate  independent  spreading  histories  for 
adjacent  ridge  segments. 

Figure  6.  Schematic  diagram  of  the  plate  boundary  showing  average  half  spreading  rates  for  the  past 
*  4  my  (l.e.  since  the  end  of  anomaly  3  time)  for  all  ridge  segments  except  6S.  Rates  for  segment  6S 
are  for  *  2  my  ( i.e.  since  anomaly  2  time),  due  to  more  limited  data  coverage.  Averaged  over  these 
time  periods,  spreading  within  ridge  segments  IS,  4S,  and  5S  and  all  segments  in  the  25-2790'  S  area, 
has  been  asymmetric  with  the  same  sense  of  asymmetry  maintained.  Note  that  the  sense  of  asymmetry 
has  been  that  required  to  reduce  offset  or  the  MAR  along  both  fracture  zones  within  the  northern 
area,  reduce  offset  at  3390'  S,  increase  the  offset  length  of  the  31°15'S  discordant  zone,  and  maintain 
the  offset  lengths  of  the  Cox  and  Meteor  transform  faults. 

Figure  7.  Histograms  showing  variation  with  time  in  full  interval  spreading  rates  for  each  ridge 
segment  Although  rates  for  successive  intervals  do  not  vary  monotonically,  we  see  a  general  pattern 
of  total  opening  rates  decreasing  from  4'  to  2  time  by  20-30%  for  ridge  segments  2N,  3N  and  2S.  We 
do  not  see  this  pattern  for  other  ridge  segments,  although  data  coverage  is  less  extensive.  Of 
particular  note  are  the  large  differences  during  some  anomaly  intervals  in  full  rates  for  adjacent 
ridge  segments.  The  largest  differences  may  correspond  to  times  of  intra-segment  propagation, 
however  the  smaller  more  pervasive  differences  imply  a  degree  of  intraplate  deformation. 
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Figure  8.  Three-dimensional  inversion  solution  for  the  Cox  fracture  zone  and  33°30'S  discordant  zone. 
Contours  of  magnetization  are  every  1  Amps/m.  Small  arrows  identity  local  magnetization  highs 
which  are  found  at  ridge-discordant/fracture  zone  intersections.  Note  that  the  magnitude  of  these 
highs  is  the  same  at  both  discontinuities  although  ridge  offset  at  these  discontinuities  are  much 
different  These  magnetization  highs  also  persist  off-axis  adjacent  to  the  discordant/fracture  zone 
traces. 

Figure  9.  Offset  of  isochrons  at  each  ridge-axis  discontinuity  plotted  as  a  function  of  time.  Data  from 
the  east  and  west  flanks  of  the  ridge  are  plotted  separately.  Isochron  offset  lengths  on  each  side  of  the 
ridge,  which  should  be  the  same  assuming  rigid  plate  behavior,  differ  by  1  to  12  km.  East  and  west 
differences  at  the  Cox-32<30'S  fracture  zone  may  reflect  lack  of  control  on  the  32  30'S  discordant  zone. 
Differences  at  the  Moore  and  33faO*S  discordant  zones  may  reflect  intrasegment  propagation  and 
those  at  31°15'S  may  reflect  initiation  of  this  offset.  Isochrons  were  located  using  a  best  fit  line  to 
anomaly  picks  with  a  minimum  rotation  between  adjacent  lines. 

Figure  10.  Comparison  of  isochron  offset  histories  for  a)  short-offset  discontinuities  and  b)  the  larger 
offset  fracture  zones.  For  each  discontinuity,  the  offset  of  isochrons  on  both  flanks  of  the  ridge  are 
averaged,  and  the  mean  offset  removed.  Plots  show  that  short-offset  discontinuities  have  changed  in 
length  by  approximately  the  same  amount  (10  km)  over  approximately  the  same  time  period  (1  my  to 
4  my)  while  the  Cox  and  Meteor  fracture  zones  have  remained  comparatively  constant  In  length. 
Changing  offset  at  second-order  discontinuities  may  be  a  mechanism  by  which  the  plate  boundary 
responds  to  changes  in  plate  motion. 

Figure  11.  Fracture  zone  offset  vs  time  for  fracture  zones  located  between  8-ljfc  (from  Brozena, 
1986).  As  we  observe  in  our  survey  areas  to  the  south,  short-offset  discontinuities  (FZ  A,  FZ  C,  and 
FZ  BO  have  changed  length  while  the  larger  offset  FZ  B  has  maintained  its  length.  Fracture  zones 
have  changed  length  over  a  longer  time  period  than  observed  in  our  area  (8  my  compared  with  4  my), 
but  the  magnitude  of  offset  changes  are  comparable.  Due  to  the  geometry  of  the  plate  boundary  in  the 
regions  studied,  and  due  to  some  discrepancy  In  timing,  we  cannot  simply  attribute  fracture  zone 
offset  variability  along  this  entire  length  of  the  southern  MAR  (8-34^0'S)  to  a  change  in  the  plate 
pole  of  rotation,  although  the  consistent  magnitude  of  offset  change  and  the  simultaneity  of  change 
within  our  southern  areas  do  support  a  causal  relationship. 

Table  1  Half  spreading  rates  within  each  ridge  segment,  for  total  time  elapsed  from  each  reversal  to 
present  Rates  indicate  constant  asymmetric  spreading  with  the  sense  of  asymmetry  maintained  for 
rates  averaged  beyond  the  Jaramlllo. 

Table  2.  Transition  widths  measured  for  widely  spaced  reversals,  'n'  indicates  the  number  of 
magnetization  solution  profiles  measured  for  each  reversal  average.  Average  of  the  interval  transition 
widths  and  one  standard  deviation  are  given  for  each  survey  area. 
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Table  2  -  Transition  Widths 
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Abstract.  A  large  topographic  high  commonly  occurs  near  the 
intersection  of  a  rifted  spreading  center  and  a  transform  fault. 
The  high  occurs  at  the  inside  of  the  90  bend  in  the  plate 
boundary,  and  is  called  the  'high  inside  corner',  while  the  area 
across  the  spreading  center,  the  'outside  corner’,  is  often  anoma¬ 
lously  low.  To  belter  understand  the  origin  of  this  topographic 
asymmetry,  we  examine  topographic  maps  of  53  ridge-transform 
intersections.  We  conclude  the  following:  (1)  High  inside  comers 
occur  at  41  out  of  42  ridge-transform  intersections  at  slow 
spreading  ridges,  and  thus  should  be  considered  characteristic 
and  persistent  features  of  rifted  slow  spreading  ridges.  They 
are  conspicuously  absent  at  fast  spreading  ridges  or  at  spread¬ 
ing  centers  that  lack  a  rift  valley.  (2)  High  inside  corners 
occur  wherever  an  axial  rift  valley  is  present,  and  an  approxi¬ 
mate  1 : 1  correlation  exists  between  the  relief  of  the  rift  valley 
and  the  magnitude  of  the  asymmetry.  (3)  Large  high  inside 
corners  occur  at  both  long  and  short  transform  offsets.  (4)  High 
inside  corners  at  long  offsets  decay  off-axis  faster  than  predicted 
by  the  square  root  of  age  cooling  model,  precluding  a  thermal- 
isostatic  origin,  but  consistent  with  dynamic  or  flexural  uplift 
models. 

These  observations  support  the  existing  hypothesis  that  the 
asymmetry  is  due  to  the  contrast  in  lithospheric  coupling  that 
occurs  in  the  active  transform  versus  the  inactive  fracture  zone. 
Active  faulting  in  the  transform  breaks  the  lithosphere  along  a 
high  angle  fault,  permitting  vertical  movement  of  the  inside  cor¬ 
ner  block,  whereas  the  inactive  fracture  zone  forms  a  weld  that 
couples  the  outside  comer  to  the  adjacent  block,  preventing  it 
from  rising.  Large  asymmetry  at  very  short  transform  offsets 
appears  to  be  caused  by  the  added  effect  of  a  second  uplift 
mechanism.  Young  lithosphere  in  the  riff  valley  couples  to  the 
older  plate,  and  when  it  leaves  the  rift  valley  it  lifts  the  older 
plate  with  it.  At  very  short  offsets,  this  'coupled  uplift'  acts  upon 
the  high  inside  corner;  at  long  offsets,  it  may  upwarp  the  older 
plate  or  its  expression  may  be  muted. 


1.  Introduction 

At  rifted,  slow-spreading  mid-ocean  ridges  the  rift 


mountains  adjacent  to  the  active  transform  are  con¬ 
sistently  0.5  to  1.5  km  higher  than  the  rift  mountains 
adjacent  to  the  inactive  fracture  zone  (Figures  1,2). 
This  topographic  asymmetry  contrasts  sharply  with 
the  elevation  symmetry  predicted  by  the  depth-age 
relation  (Parsons  and  Sclater,  1977).  Others  have 
also  noted  this  asymmetry  (Searle  and  Laughton, 
1977;  Karson  and  Dick,  1983;  Fox  and  Gallo,  1984; 
Kuo  el  al„  1984;  OTTER,  1984;  Parmentier  and 
Forsyth,  1985;  and  Collette,  1986),  yet  its  origin 
remains  obscure  (Parmentier  and  Forsyth,  1985). 

In  most  cases  the  inside  corner  has  the  form  of  a 
large  submarine  mountain  peak,  reaching  the  shal¬ 
lowest  depths  of  any  point  on  the  ridge.  In  other 
cases,  the  inside  corner  is  not  a  peak,  but  rather  a 
broad  topographic  high.  In  both  cases  a  topographic 
asymmetry  occurs,  because  the  outside  corner  consis¬ 
tently  has  anomalously  low  elevation.  Relief  between 
the  summit  of  the  inside  corner  and  the  adjoining 
nodal  basin  commonly  exceeds  4000  m.  The  summit 
generally  occurs  15-20  km  from  the  spreading  center 
and  10-15  km  from  the  center  of  the  transform  fault. 
Figure  2  shows  several  examples. 


INACTIVE 

FRACTURE 

ZONE 


Fig.  I.  Nomenclature  used  at  a  ridge-transform  intersection.  At 
fast  spreading  ridges  the  axial  rift  valley  is  replaced  by  an  axial 
high. 
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Fig.  2.  Examples  of  ridge-transform  intersections,  (a)  Rifted,  slow  spreading,  long  transform  fault,  high  inside  comer  prominent,  (b)  Rifled, 
slow  spreading,  short  transform  fault,  high  inside  corner  prominent,  (c)  Nonrifted,  fast  spreading,  no  high  inside  comer.  As  shown  in  ( d). 
asymmetry  is  calculated  by  measuring  the  maximum  difference  between  depth  profiles  located  on  the  crest  of  the  rift  mountains.  Arrow 

marks  transform  trace. 


In  this  study  we  place  constraints  on  the  origin  of  high 
inside  corners  by  studying  and  comparing  available 
topographic  maps  of  ridge-transform  intersections.  We 
establish  their  size,  shape,  evolution  off-axis,  and  varia¬ 
tion  against  three  parameters:  spreading  rate,  trans¬ 


form  offset  length,  and  rift  valley  relief.  We  find  that  the 
relationships  among  these  variables  favor  the  hypo¬ 
thesis  that  asymmetry  is  due  to  the  interplay  between 
bonding  across  the  fracture  zone  and  vertical  move¬ 
ments  associated  with  the  origin  of  the  axial  rift  valley. 
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2.  Measurement  Methods 


TRANSFORM 


We  studied  bathymetric  maps  covering  53  ridge- 
transform  intersections  (Figure  3).  38  of  which  are 
high  resolution  maps  made  with  multi-beam  sonar 
systems  (e.g.,  Seabeam)  with  a  contour  interval  of 
100  m  or  less.  The  remainder  are  high  quality  maps 
made  with  conventional  single-beam  sonar.  Ridge 
segments  shorter  than  40  km  in  length  were  excluded 
from  study,  because  the  perturbing  effects  of  trans¬ 
forms  on  ridge  morphology  overlap.  For  each  site 
studied  we  measured  asymmetry,  average  asymme¬ 
try,  rift  valley  relief,  transform  offset  length  and 
transform  offset  age  (Table  I). 

Asymmetry  is  measured  by  constructing  two  depth 
profiles  parallel  to  the  spreading  axis  on  either  flank 
of  the  spreading  axis.  The  profiles  are  positioned  on 
crust  of  approximately  equal  age  along  the  highest 
topography  that  occurs  at  a  distance  of  1 5  to  25  km 
from  the  axis.  The  profiles  lie  along  narrow,  linear, 
axis-parallel  ridges,  which  generally  correspond  to 
the  crest  of  the  rift  mountains  at  rifted  spreading 
centers.  The  profiles  are  then  projected  onto  a  plane 


Fig.  4.  Method  of  calculating  average  asymmetry.  Elevations 
within  the  two  squares  are  averaged  and  the  difference  of  the  two 
averages  is  taken.  Squares  are  positioned  as  close  to  the  transform 
valley  as  is  possible  without  including  major  portions  of  the 
transform  valley. 

parallel  to  the  spreading  axis  for  comparison.  Asym¬ 
metry  is  taken  as  the  maximum  elevation  difference 
between  the  profiles  ( Figure  2a,  d).  This  technique  is 
approximate,  as  the  topographic  noise  at  slow 
spreading  ridges  is  large.  As  a  check  on  this  method, 
average  asymmetry  is  measured  (Figure  4). 

Rift  valley  relief  is  measured  by  comparing  the 
average  elevation  of  the  rift  mountains  (measured 


Fig.  3.  Locations  of  the  53  ridge-transforms  intersections  studied.  Where  many  occur  close  together,  not  all  are  shown. 
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TABLE  I 

Ridge-transform  intersections  studied  and  data  collected 

Name  Latitude  I  2  spr  Asymmetry  A*.  Rift  valley  Offset  Reference 

rate  (km)  Asymmetry  relief  (km)  - 

(mm  yr  ')  (km)  (km)  (m.y.) 


Mid-Atlantic  Ridge: 
Kurchatov  N 

40  30  N 

12 

1.0 

0.60 

Kurchatov 

S 

40  30  N 

12 

0.9 

045 

Pico 

S 

37  40  N 

10 

0.9 

a 

Unnamed 

N 

37  15  N 

10 

0.7 

0.26 

FAMOUS  A 

N 

37  00  N 

10 

-0.5 

0.15 

FAMOUS  A 

S 

37  00  N 

10 

0.5 

0.24 

FAMOUS  B 

N 

36  35  N 

10 

0.9 

0.44 

FAMOUS  B 

S 

36  35  N 

10 

0.5 

0.14 

FAMOUS  C 

N 

36  15  N 

10 

1.2 

0.37 

FAMOUS  C 

S 

36  15  N 

10 

0.5 

0.13 

FZ  F 

S 

35  40  N 

M 

0.5 

• 

Oceanographer 

E 

35  00  N 

11 

0.8 

• 

Oceanographer 

W 

35  00  N 

11 

1.2 

• 

FZ  ! 

N 

34  30  N 

11 

0.8 

a 

TAG  unnamed 

N 

26  15  N 

13 

0.4 

0.20 

TAG  unnamed 

S 

25  40  N 

13 

1.2 

070 

TAG  unnamed 

N 

24  50  N 

13 

1.6 

0.95 

TAG  unnamed 

S 

24  40  N 

13 

05 

0.40 

TAG  unnamed 

s 

24  40  N 

13 

0.5 

0.40 

Kane 

E 

23  40  N 

14 

2.5 

1.00 

Kane 

W 

23  40  N 

14 

1.2 

0.80 

Unnamed 

N 

23  0*  N 

14 

1.5 

0.25 

Unnamed 

S 

23  08  N 

14 

1.8 

0.65 

Verna 

E 

10  45  N 

12 

1.5 

0.90 

Verna 

W 

10  45  N 

12 

1.6 

0.80 

Rio  Grande 

E 

25  40  S 

19 

1.3 

a 

Rio  Grande 

W 

25  40  S 

19 

1.1 

a 

Moore 

E 

26  35  S 

19 

0.9 

a 

Moore 

W 

26  35  S 

19 

0.7 

a 

Unnamed 

N 

31  15  S 

18 

0.7 

0.55 

Unnamed 

S 

31  15  S 

18 

1.0 

0.58 

Cox 

E 

32  10  S 

18 

0.8 

0.40 

Cox 

W 

32  10  $ 

18 

0.8 

0.21 

Unnamed 

N 

33  30  S 

18 

0.8 

0.28 

Unnamed 

S 

33  30  S 

18 

1.0 

0.43 

Meteor 

E 

34  10  S 

18 

1.5 

• 

Meteor 

W 

34  10  S 

18 

1.3 

• 

Norda 

N 

37  20  S 

17 

l.l 

■ 

Norda 

S 

37  20  S 

17 

1.2 

• 

Carribean: 

Oriente 

W 

19  00  N 

10 

2.4 

083 

Cayman  Rise 

N 

18  15  N 

10 

1.3 

0.55 

Cayman  Rise 

S 

18  15  N 

10 

1.7 

1.00 

Swan 

E 

17  40  N 

10 

1.6 

0.18 

Eastern  Pacific: 

Blanco 

W 

44  30  N 

29 

0.2 

• 

Tamayo 

E 

23  00  N 

30 

0.3 

008 

Tamayo 

W 

23  00  N 

30 

-02 

-*0.18 

Rivera 

W 

20  00  N 

34 

02 

0.10 

Orozco 

E 

15  30  N 

45 

0.1 

-0.10 

Orozco 

W 

15  30  N 

45 

0.3 

a 

Clipperton 

E 

10  15  N 

55 

-0.1 

-0.3 

Clipperton 

W 

10  15  N 

55 

-0.1 

-0.1 

Siqueiros 

w 

08  30  N 

69 

-0.1 

-0.15 

Garret 

E 

13  30  S 

80 

-0.1 

-0.10 

Garret 

W 

13  30  S 

80 

-0.2 

a 

0.8 

18 

1.5 

Searle  and  Laughton.  1977 

1.3 

18 

1.5 

Searle  and  Laughton.  1977 

0.9 

40 

4.0 

Phillips  and  Fleming.  1978 

0.9 

45 

4.5 

Phillips  and  Fleming.  1978 

1.0 

20 

2.0 

Phillips  and  Fleming.  1978 

1.0 

20 

2.0 

Phillips  and  Fleming.  1978 

1.0 

22 

2.2 

Phillips  and  Fleming.  1978 

1.1 

22 

2.2 

Phillips  and  Fleming.  1978 

1.1 

18 

1.8 

Phillips  and  Fleming.  1978 

1.2 

18 

1.8 

Phillips  and  Fleming,  1978 

0.9 

45 

4.1 

Fox  and  Gallo.  1984 

0.9 

128 

11.6 

Fox  and  Gallo.  1984 

0.8 

128 

11.6 

Fox  and  Gallo.  1984 

08 

40 

3.6 

Fox  and  Gallo.  1984 

1.2 

5 

0.4 

Rona  and  Gray.  1980 

1.0 

20 

1.5 

Rona  and  Gray.  1980 

1.0 

30 

2.3 

Rona  and  Gray.  1980 

1.0 

30 

2.3 

Rona  and  Gray.  1980 

1.9 

30 

2.3 

Rona  and  Gray.  1980 

1.4 

150 

10.7 

Pockatny  et  a!..  1988 

19 

150 

10.7 

Pockalny  et  al,  1988 

1.4 

5 

0.4 

Pockalny  et  al.  1988 

1.5 

5 

0.4 

Pockalny  et  al.  1988 

1.6 

320 

26.7 

Macdonald  et  al..  1986 

1.6 

320 

26.7 

Prince  and  Forsyth  (in  press)  1988 

1.0 

40 

2.1 

Grindfay  et  al,  1987 

1.0 

40 

2.1 

Grindtay  et  al,  1987 

1.2 

12 

0.6 

Grindlay  et  al.  1987 

1.2 

12 

0.6 

Grindlay  et  al.  1987 

1.4 

15 

0.8 

Fox  et  al.  1985 

0.9 

15 

08 

Fox  et  al.  1987 

0.9 

120 

6.7 

Grindlay  et  al.  1985 

0.4 

120 

6.7 

Grindlay  et  al.  1985 

0.4 

25 

1.4 

Fox  et  al.  1985 

1.5 

25 

1.4 

Fox  et  al.  1985 

1.5 

80 

4.4 

Grindlay  et  al.  1985 

1.4 

80 

4.4 

Grindlay  et  al.  1985 

1.6 

20 

1.2 

Fox  et  al.  1985 

1.2 

20 

1.2 

Fox  et  al.  1985 

1.5 

>1000 

>40 

Holcombe  et  al..  1973 

1.5 

20 

2.0 

CAYTROUGH.  1979 

1.5 

20 

2.0 

CAYTROUGH.  1979 

1.5 

>600 

>40 

CAYTROUGH.  1979 

-0.3 

340 

11.7 

Crane  et  al.  1985 

0.3 

80 

2.7 

Francheteau  et  al.  1979 

-0.3 

80 

2.7 

Francheteau  et  al  1979 

0.1 

444 

13.1 

Mammerickx  et  al.  1978 

0.0 

50 

l.l 

Madsen  et  al.  1986 

-0.5 

50 

1.1 

Madsen  et  al.  1986 

-0.2 

85 

1.5 

Gallo  et  al.  1986a 

-0.4 

85 

1.5 

Gallo  et  al..  1986a 

-0.3 

113 

1.6 

Roscndahl.  1980 

-02 

130 

1.6 

Gallo  and  Fox.  submitted.  1988 

-0.2 

130 

1.6 

Gallo  and  Fox.  submitted.  1988 

'Insufficient  map  coverage. 
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15-25  km  off-axis)  with  the  elevation  of  the  axis.  In  from  the  transform  or  mid-way  between  transforms, 

order  to  avoid  measuring  rift  valley  relief  as  com-  whichever  is  closer. 

pounded  by  the  effects  of  high  inside  corners,  rift  We  calculate  offset  age  by  dividing  offset  length  by 

valley  relief  is  measured  at  a  point  30  km  distant  local  spreading  rate.  Spreading  rate  is  obtained  from 


1/2  spreading  rate  (mm/yr)  1/2  spreading  rote  (mm/yr) 


0  I  2  0  10  20  30  40 

Rift  volley  relief  (km)  Offset  age  (my) 


Fig.  5(a).  Asymmetry  as  a  function  of  half  spreading  rate.  High  inside  corners  are  common  at  slow  spreading  ridges  but  do  not  occur  at 
fast  spreading  ridges.  In  fact,  inside  comers  may  be  slightly  lower  than  outside  corners  at  fast  spreading  ridges,  corresponding  to  a  negative 
asymmetry.  Approximate,  subjective  error  bars  shown,  (b)  Average  asymmetry  as  a  function  of  spreading  rate.  This  quantity  prob¬ 
ably  underestimates  true  asymmetry  because  deeps  are  averaged  in,  and  thus  should  be  considered  a  lower  bound.  Note  that  scale 
of  ordinate  is  larger  than  in  parts  a,  c,  and  d.  (c)  Asymmetry  plotted  against  rift  valley  relief.  Dashed  line  is  a  1:1  correlation.  The 
correlation  suggests  that  high  inside  comers  are  linked  to  the  processes  creating  the  rift  valley.  Stray  points  in  the  second  quadrant  are  the 
Orozco  Transform  and  FAMOUS  Transform  A  East,  both  offsets  that  have  unusual  morphologic  complexities,  (d)  Plot  of  asymmetry  as 
a  function  of  transform  offset  age.  Wide  scatter  of  this  plot  indicates  that  no  simple  relationship  exists  between  magnitude  of  asymmetry 
and  transform  age  offset.  However,  very  large  offsets  (e.g.,  Kane,  Oceanographer,  Verna)  do  tend  to  have  large  high  inside  comers  (see 

Figure  II). 
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published  sources  or  from  magnetic  anomaly  data 
where  published  values  are  not  available. 

3.  Asymmetry,  Spreading  Rate,  Rift  Valley  Relief, 
and  Offset  Age 

High  inside  corners  occur  at  41  of  the  42  ridge-trans¬ 
form  intersections  studied  at  slow  spreading  rates 
(Figure  5a).  Asymmetry  ranges  from  0.5  to  2.5  km  at 
slow  spreading  ridges,  but  decreases  to  zero  with 
increasing  spreading  rate.  Ridges  spreading  at  inter¬ 
mediate  rates  have  small  positive  asymmetries,  while 
there  is  no  significant  elevation  anomaly  at  fast 
spreading  rates.  Average  asymmetry  shows  the  same 
pattern,  with  smaller  amplitude,  and  a  slightly  nega¬ 
tive  asymmetry  at  fast  spreading  rates  is  seen  (Figure 
5b). 

A  good  correlation  exists  between  asymmetry  and 
the  relief  associated  with  rift  valleys  (Figure  5c).  We 
interpret  this  correlation  as  evidence  that  the  high 
inside  corner  is  linked  in  a  basic  way  to  the  uplift 
that  creates  the  rift  valley  walls. 

Surprisingly,  no  obvious  correlation  exists  between 
the  magnitude  of  asymmetry  and  offset  age,  as 
shown  by  the  wide  scatter  in  Figure  5d.  Note  that 
both  large  and  small  transform  offsets  can  have  large 


asymmetry.  A  similar  graph  of  asymmetry  versus 
offset  length  also  showed  wide  scatter.  Given  the 
observed  increase  in  the  depth  of  the  nodal  basin 
with  offset  age  reported  by  Fox  and  Gallo  ( 1984).  we 
had  suspected  that  asymmetry  might  increase  with 
offset  age.  We  find  instead  that  large  asymmetry  can 
occur  even  at  very  small  offsets,  some  of  which  are 
no  larger  than  the  width  of  the  rift  valley  (e.g.. 
31‘15'S  Mid-Atlantic  Ridge,  Figure  2b). 

4.  Evolution  of  High  Inside  Corners  with  Age 

High  inside  corners  at  large-offset  transforms  appear 
to  subside  more  rapidly  than  would  be  expected  from 
thermal  contraction  as  the  lithosphere  cools.  If  the 
gross  spreading  center  topography  is  approximately 
steady  state,  then  a  depth  profile  can  be  viewed  as  a 
record  of  seafloor  elevation  through  time  ( Figure  6). 
Note  that  subsidence  is  much  faster  than  the  square 
root  of  age  curve  given  for  reference.  Six  of  the  seven 
high  inside  corners  at  large-offset  transforms  with 
sufficient  Seabeam  coverage  show  a  similar  pattern  of 
rapid  subsidence  ( Kane  E,  Kane  W,  Meteor  E.  Meteor 
W,  Oriente,  and  Swan  do;  Cox  E  does  not).  At  short 
offsets,  where  off-axis  evolution  of  the  inside  corner  is 
along  an  inactive  fracture  zone,  subsidence  of  the 


DEPTH  VS  AGE 

Mid-Atlantic  Ridge  near  Kane  Transform 


From  map  of  Pockalny  et  al.  (1988) 

Fig.  6.  Depth  profile  parallel  to  and  -  20  km  north  of  Kane  Transform  Fault,  passing  through  northern  high  inside  comer  Dashed  line 
is  cooling  model  (;  =  2.8  +  0.35/'  !  where  r  =  depth  in  km  and  r  -  age  in  m.y.  (Parson  and  Sclater.  1 977)).  Intercept  on  the  depth  axis  is 
arbitrarily  chosen:  the  shape  of  the  curve  is  significant  rather  than  the  absolute  value  of  the  curve  A  half  spreading  rate  of  14  mm  yr  1 
(Purdy  el  al..  1978)  was  used  to  convert  distance  to  age.  The  sharp  drop-off  of  the  high  inside  corner  compared  to  the  predicted  subsidence 
due  to  cooling  argues  against  a  thermal-isostatic  origin  for  the  high  inside  corner 
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inside  corner  may  be  slower  (e.g.,  Kurchatov  Frac¬ 
ture  Zone,  Searle  and  Laughton  (1977)). 

At  many  large-offset  transforms  subsidence  of  the 
high  inside  corner  is  not  monotonic;  as  it  passes  the 
opposite  spreading  axis  a  second,  smaller  topo¬ 
graphic  high  appears  (e.g..  Figure  2a).  In  some  cases 
this  high  takes  the  form  of  a  prominent  ‘transverse 
ridge’,  while  in  other  cases  it  is  a  local  topographic 
high  or  is  poorly  expressed.  It  occurs  at  five  of  the  six 
large-offset  transform  sites  with  sufficient  Seabeam 
coverage  (Kane  E,  Kane  W,  Meteor  W,  Cox  E,  Cox 
W;  not  pronounced  at  Meteor  E).  Abrams  el  al. 
(1988)  have  documented  this  topographic  feature  at 
the  eastern  intersection  of  the  Kane  Fracture  Zone 
with  the  Mid-Atlantic  Ridge.  They  demonstrate  with 


gravity  and  seismic  studies  that  it  is  uplifted  but 
relatively  normal  oceanic  crust,  and  model  it  as 
flexure  of  a  lithosphere  with  4  km  elastic  thickness. 
That  this  high  amounts  to  a  ‘rejuvenation’  or  second 
phase  of  uplift  is  supported  by  submersible  observa¬ 
tions  of  fresh  talus  and  other  signs  of  renewed 
activity  in  this  area  (Karson  and  Dick,  1983). 

5.  Tilting 

The  topography  of  the  outside  corner  slopes  gently 
towards  the  inactive  fracture  zone  at  40  out  of  the  42 
slow  spreading  sites  (Swan  and  FAMOUS  A  East 
are  the  exceptions).  An  important  observation  is  that 
the  ridge-parallel  abyssal  hills  topography  continues 


FAMOUS  Ridge  Segment  AB,  Mid-Atlantic  Ridge 

after  Phillips  and  Fleming  (1978) 


Fig.  7.  FAMOUS  Fracture  Zones  A  and  B,  exhibiting  the  typical  morphology  of  outside  corners  at  slow  spreading  ridges.  The  outside 
corner  slopes  toward  the  inactive  fracture  zone,  and  the  ridge-parallel  abyssal  hills  on  the  sloping  surface  result  in  contour  lines  with  the 
appearance  of  'toes'.  In  contrast,  the  inside  corner  is  bounded  by  a  steep  scarp.  Tilting  of  the  outside  corner  about  a  horizontal  axis  parallel 
to  the  transform  is  inferred  to  occur,  possibly  involving  lithospheric  flexure. 
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undisturbed  down  this  slope  well  into  the  fracture 
zone.  Because  of  this  fact,  this  gently  sloping  surface 
(about  2  )  appears  to  be  the  result  of  tilting  or 
flexure  of  the  outside  corner  block,  rather  than  fail¬ 
ure  on  transform-parallel  faults.  Contour  lines  on  the 
surface  interact  with  the  corrugated  abyssal  hills 
topography  to  create  the  appearance  of  ’toes’  ( Fig¬ 
ure  7),  a  pattern  like  that  seen  on  a  partially  im¬ 
mersed,  tilted  piece  of  corrugated  tin.  In  contrast,  the 
inside  corner  is  bounded  by  a  sharp,  steep  scarp 
facing  the  transform,  and  the  abyssal  hills  appear  to 
be  disrupted  by  a  set  of  transform-parallel  faults. 

Because  the  slope  of  the  outside  corner  exceeds  the 
slope  of  the  rift  valley  floor  as  the  rift  valley  deepens 
toward  the  transform,  the  slope  of  the  outside  corner 
cannot  be  purely  inherited  from  the  initial  slope  of 
the  crust  when  it  was  formed.  Rather,  this  difference 
in  slope  implies  several  degrees  of  rotation  about  a 
horizontal  axis  parallel  to  the  transform.  Where 
transforms  are  closely  spaced  (  ~  50  km),  the  tilting 
appears  to  involve  the  entire  block  between  trans¬ 
forms,  as  was  also  reported  by  Searle  (1979). 

6.  Discussion 

The  occurrence  pattern  of  high  inside  corners  argues 
that  they  are  characteristic,  persistent  features  of 
slow  spreading  ridges.  Wherever  there  is  a  rift  valley, 
they  occur.  The  ubiquity  of  high  inside  corners  sug¬ 
gests  that  they  are  steady  state  features;  if  they 
appeared  and  disappeared  with  time  one  would  ex¬ 
pect  to  see  some  ridge-transform  intersections  with¬ 
out  them.  Defleyes  (1970)  and  Atwater  and  Mudie 
(1973)  made  a  similar  argument  for  the  steady  state 
nature  of  the  rift  valley.  Thus  we  assume  in  this 
discussion  that  the  high  inside  corner  and  rift  valley 
are  steady  state  features. 

High  inside  corners  are  unlikely  to  be  of  volcanic 
constructional  origin  because  they  lack  fresh  pillows 
or  other  signs  characteristic  of  seamounts,  and  ex¬ 
pose  a  variety  of  highly  tectonized  plutonic  and 
ultramafic  rocks  (Karson  and  Dick,  1983;  Bryan  and 
Moore,  1977;  CAYTROUGH,  1979).  A  purely  ther¬ 
mal-isostatic  origin  is  also  unlikely  because  high 
inside  corners  appear  to  decay  faster  than  predicted 
by  a  square  root  of  age  cooling  model.  Their  faulted 
boundaries  and  rapid  decay,  as  well  as  the  correla¬ 
tion  between  rift  valley  relief  and  inside  corner  height 
all  suggest  that  high  inside  comers  are  caused  by  the 


same  forces  that  give  rise  to  the  axial  rift  valley. 
Interestingly,  inside  corners  are  the  locus  of  intense 
microseismicity  (Rowlett,  1981;  Rowlett  and 
Forsyth,  1984). 

6.1.  Decoupling 

Our  observations  provide  new  and  compelling  sup¬ 
port  for  the  ’decoupling'  hypothesis  advanced  by 
previous  workers  (Searle  and  Laughton,  1977;  Kar¬ 
son  and  Dick.  1983;  Kuo  el  al„  1984;  Collette,  1986). 
In  the  interest  of  clarity,  this  model  is  briefly  reiter¬ 
ated.  This  model  holds  that  the  elevation  asymmetry 
between  inside  and  outside  corners  is  due  to  the 
contrast  in  plate  coupling  between  the  active  trans¬ 
form  and  the  inactive  fracture  zone.  The  actively 
slipping  transform  decouples  the  plates,  allowing  the 
inside  corner  to  rise  in  response  to  the  forces  that 
create  the  uplifted  rift  valley  walls,  while  the  inactive 
fracture  zone  forms  a  weld  that  prevents  the  outside 
corner  from  rising  in  response  to  the  same  forces 
(Figure  8). 

Three  observations  support  this  model.  First,  the 
consistent  tilting  of  the  outside  corner  toward  the 
inactive  fracture  zone  is  what  would  be  expected  if 
the  outside  corner  were  coupled  to  the  older  plate 
and  prevented  from  rising.  Second,  the  decoupling 
model  is  consistent  with  the  observation  that  the 
correlation  between  asymmetry  and  rift  valley  relief 
is  approximately  1:1.  Rift  valley  relief  is  a  measure 
of  the  uplift  experienced  by  the  lithosphere.  If  decou¬ 
pling  were  to  allow  this  amount  of  uplift  to  occur  on 
the  inside  corner  while  coupling  prevented  it  on  the 
outside  corner,  the  size  of  the  resulting  asymmetry 
would  approximately  match  the  relief  of  the  rift 
valley. 

Third,  slow  spreading  ridge-fault-fault  triple  junc¬ 
tions  provide  a  test  of  the  decoupling  model  ( Figure 
9a).  Because  both  corners  are  bounded  by  active 
strike  slip  faults,  both  corners  should  be  topograph¬ 
ically  high,  if  decoupling  by  strike  slip  is  the  cause 
for  high  inside  corners.  The  single  example  of  an 
outside  corner  that  does  not  slope  toward  the  frac¬ 
ture  zone  is  the  Swan  Transform/Mid-Cayman  Rise 
intersection  (Figure  9b).  Instead,  the  outside  corner 
here  is  anomalously  shallow,  slopes  away  from  the 
fracture  zone,  and  locally  is  higher  than  the  older 
plate,  contrary  to  the  pattern  elsewhere.  Regional 
seismicity  patterns  suggest  that  this  intersection  may 
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high  inside  corner 
DECOUPLED,  UPLIFTED 
BY  RIFT  VALLEY  FORCES 


rapid  subsidence 
of  inside  corner 
DECOUPLED, 


rejuvenated 
older  plate 
UPWARPED  BY 


deep,  tilted 
outside  corner 
DOWNWARPED 


Fig.  8.  Summary  of  the  proposed  mechanisms  for  the  origin  of  high  inside  corners.  Observations  shown  in  lower  case  letters,  and  their 
interpretation  in  terms  of  the  model  shown  in  upper  case  letters.  Transform  faulting  breaks  the  lithosphere  along  a  near-vertical  fault, 
permitting  differential  vertical  movement.  Vertical  movements  are  a  result  of  the  forces  that  create  the  rift  valley.  Decoupling  and  coupled 
uplift  result  from  the  presence  and  absence,  respectively,  of  lithospheric  failure  due  to  transform  faulting.  Heavy  arrows  symbolize  the  uplift 

force  creating  the  rift  valley  walls. 


be  a  ridge-fault-fault  triple  junction  (Sykes  et  al., 
1982),  thus  supporting  the  decoupling  model.  How¬ 
ever,  the  anomalous  outside  corner  does  not  look 
like  a  normal  high  inside  corner,  and  a  transform 
valley  only  begins  to  appear  to  the  east  of  the  outside 
corner;  these  complexities  remain  unexplained  by  the 
decoupling  model. 

The  decoupling  model  also  predicts  the  presence  of 
negative  asymmetry  (outside  corners  higher  than 
inside  corners)  at  fast  spreading  ridges.  Where  an 
axial  high  is  present,  the  lithosphere  only  subsides. 
An  offset  juxtaposes  the  outside  corner  against  older 
lithosphere  that  has  already  gone  through  much  of 
its  subsidence.  When  the  two  sides  weld,  the  outside 
corner  will  be  prevented  from  subsiding  normally. 
The  inside  corner,  being  decoupled  by  active  trans¬ 
form  faulting,  is  free  to  sink.  It  is  encouraging  that 
slightly  negative  asymmetry  is  present  at  the  fastest 
spreading  centers  (Figure  5a,  b).  A  high  outside 
corner  formed  in  this  manner  represents  the  early 
stages  of  the  flexural  response  to  differential  subsi¬ 
dence  across  a  fracture  zone  described  by  Sandwell 
(1984). 


6.2.  Coupled  uplift  at  short  transform 

FAULTS 

The  decoupling  model  does  not  appear  to  explain  the 
large  asymmetry  observed  at  very  small  offsets  ( Fig¬ 
ure  2b.  5d).  A  true  transform  fault  is  probably  not 
present  at  the  smallest  offsets,  and  most  of  the  high 
topography  at  small  offsets  is  adjacent  to  the  inactive 
fracture  zone  rather  than  the  transform.  Yet  we 
observe  asymmetry  at  these  offsets  that  is  as  large  as 
or  larger  than  the  asymmetry  at  large  age  offsets. 

We  propose  a  corollary  to  the  decoupling  hypo¬ 
thesis,  called  ‘coupled  uplift’,  which  explains  the 
large  size  of  high  inside  corners  at  small  offsets.  This 
idea  is  similar  to  the  explanation  proposed  by  Searle 
and  Laughton  ( 1977)  for  the  asymmetry  of  fracture 
zone  topography  at  several  North  Atlantic  ridge 
offsets.  If  we  accept  the  premise  that  the  outside 
comer  is  being  held  down  by  a  weld  to  the  older 
plate,  then  there  must  be  an  equal  force  acting  to  lift 
the  older  plate.  This  effect  is  illustrated  in  Figure  8, 
and  is  a  simple  explanation  for  the  older  plate  rejuve¬ 
nation  described  above  for  large  offset  transforms. 
At  very  short  offsets,  this  upwarped  older  plate 
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(q)  North  American  Plate 


Oriente  Transform 


-*■  V 


Fig.  9.  (a)  Probable  Cayman  Trough  plate  configuration  deduced  from  regional  seismicity,  indicating  that  this  intersection  is  a 
ridge-fault-fault  triple  junction,  and  that  strike  slip  motion  may  occur  between  the  outside  corner  and  older  plate.  If  the  decoupling  model 
is  correct,  such  a  triple  junction  should  have  iwo  high  inside  corners,  (b)  Multi-beam  bathymetry  of  the  intersection  of  the  Swan  Transform 
with  the  Mid-Cayman  Rise  spreading  center.  Note  the  unusually  shallow,  north-sloping  outside  comer,  and  possible  fault  trace  between 
outside  comer  and  older  plate.  The  association  of  strike  slip  motion  with  the  single  example  of  a  high  outside  corner  supports  the 

decoupling  model. 


actually  is  the  inside  corner  of  the  opposite  ridge- 
transform  intersection.  Therefore,  the  inside  corner 
at  short  offsets  experiences  uplift  first  due  to  decou¬ 
pling,  followed  by  or  associated  with  a  second  phase 
of  uplift  due  to  'coupled'  uplift  (Figure  10a).  The 
summing  of  these  two  episodes  of  uplift  can  explain 
the  large  size  of  small  offset  high  inside  comers 
(Figure  10b). 

An  alternative  explanation  for  the  older  plate  reju¬ 
venation  is  that  spreading  center  magmas  heat  and 


erode  the  older  plate,  leading  to  uplift  (e.g.,  Gallo  el 
at.,  1986b).  While  tenable  at  fast  spreading  ridges, 
we  believe  that  this  mechanism  is  unlikely  to  be 
applicable  at  slow  spreading  ridges  in  view  of  the 
reduced  thermal  budget  of  slow  spreading  ridges 
near  transforms  (Fox  and  Gallo,  1984).  A  third 
possibility,  more  difficult  to  evaluate,  is  that  viscous 
head  loss  (e.g.,  Lachenbruch,  1973,  1976;  Sleep  and 
Biehler,  1970)  occurs  in  rising  asthenosphere  as  it 
shears  against  the  vertical  wall  of  the  older  plate. 
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uplifting  the  older  plate  and  creating  the  deep  nodal 
basin. 

Neither  viscous  head  loss  nor  coupled  uplift  satis¬ 
factorily  explains  the  absence  of  a  prominent  trans¬ 
verse  ridge  along  the  western  limb  of  the  Kane 
Fracture  Zone  (Abrams  et  at.,  1988).  This  absence, 
and  the  uneven  occurrence  of  an  upwarped  older 
plate  at  long  offset  transforms,  may  be  due  to  the 
relatively  high  flexural  rigidity  of  the  older  plate, 
causing  the  expression  of  coupled  uplift  to  be  muted. 
Alternatively,  the  weld  may  be  imperfect  in  some 
fracture  zones. 

It  is  still  not  clear  why  the  high  inside  corner  at 
long  offsets  is  commonly  a  prominent  peak  rather 
than  the  same  height  as  the  rift  mountains  along 
strike;  the  decoupling  model  only  explains  the  differ¬ 
ence  in  elevation  between  inside  and  outside  comers. 
We  speculate  that  uplift  increases  along  strike  to¬ 
wards  transforms,  concomitant  with  the  observed 
deepening  of  the  rift  valley  toward  transforms  dis¬ 
cussed  by  Parmentier  and  Forsyth  (1985).  Thus,  as 
the  forces  that  are  responsible  for  the  rift  valley 


Figure  II.  Postulated  relative  contribution  of  decoupling  and 
coupled  uplift  to  asymmetry  at  various  offset  ages,  considering 
rifled  spreading  centers  only.  Zero  offsets  have  no  asymmetry,  and 
offsets  one-quarter  to  one-half  rift  valley  width  will  begin  to  have 
coupled  uplift.  Coupled  uplift  ceases  to  affect  inside  comer  as 
ofTset  increases,  because  inside  corner  becomes  distant  from  up¬ 
warped  older  plate.  Decoupling  grows  due  to  greater  rift  valley 
relief  resulting  from  the  thermal  effects  of  increasing  age  contrast 
across  the  fracture  rone.  The  resulting  bimodal  curve  may  par¬ 
tially  explain  the  scatter  in  Figure  5(d). 


increase  with  the  increasing  depth  of  the  rift  valley, 
so  does  the  height  of  the  inside  corner  ( Figure  1 1 ). 

An  alternate  explanation  offered  by  Chen  (1988)  is 
that  the  high  inside  corner  is  caused  by  a  twisting 
moment  exerted  along  the  transform  fault  which 
upwarps  the  inside  corner.  This  twisting  moment  is 
caused  by  a  linear  increase  in  shear  stress  with  depth 
along  the  transform  fault  (as  predicted  by  Byerlee’s 
law).  This  force  may  add  to  the  force  which  we  have 
proposed  (that  related  to  the  origin  of  the  rift  valley) 
as  they  are  not  mutually  exclusive.  The  twisting 
moment  has  the  appeal  of  explaining  why  the  inside 
corner  at  long  offsets  is  a  prominent  peak  rather  than 
the  same  height  as  the  rift  mountains  along  strike; 
the  upwarp  caused  by  the  twisting  moment  along  the 
transform  fault  may  add  several  hundred  meters  of 
relief  to  the  inside  corner  (Chen,  1988).  On  the  other 
hand  this  mechanism  cannot  be  the  only  one  causing 
uplift  of  the  inside  corner  high,  as  it  does  not  explain 
several  important  observations  which  are  explained 
by  our  model.  It  does  not  explain  the  good  correla¬ 
tion  between  rift  valley  relief  and  topographic  asym¬ 
metry  (i.e.  height  of  the  inside  corner),  nor  can  it 
explain  the  occurrence  of  a  pronounced  high  inside 
comer  at  short  offset  transform  faults.  The  asymme¬ 
try  predicted  by  the  twisting  moment  model  is  gener¬ 
ally  too  small;  it  predicts  several  hundred  meters  at  a 
long  offset  transform  fault  and  much  less  at  a  short 
offset  transform.  In  addition,  the  twisting  mechanism 
predicts  a  high  inside  corner  at  fast-spreading,  non- 
rifted  ridge  transform  intersections;  instead  we  see  an 
inside  corner  low  as  predicted  by  our  model. 

In  some  places,  the  inside  corner  appears  to  be 
bordered  by  steep  escarpments  on  at  least  three  sides; 
two  parallel  to  and  facing  the  rift  valley  and  trans¬ 
form  fault  as  would  be  expected,  but  also  a  third 
escarpment  parallel  to  and  facing  away  from  the 
transform  fault.  The  former  two  escarpments  have 
been  interpreted  to  be  normal  faults  by  numerous 
investigators  (e  g..  Fox  and  Gallo,  1984.  Macdonald 
et  at..  1986).  We  interpret  this  third  set  to  be  caused 
by  normal  faulting  as  well,  resulting  from  differential 
uplift  and  possible  flexure  of  the  lithosphere.  A 
simple  calculation  suggests  that,  for  an  elastic  thick¬ 
ness  of  8  km,  the  stresses  involved  in  the  flexing  of 
the  lithosphere  near  the  inside  corner  are  approxi¬ 
mately  3  kilobars  (Young's  modulus  =  5  x  10'°  Pa. 
We  assume  for  the  purpose  of  this  calculation  that 
the  difference  in  long  wavelength  curvature  between 
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the  inner  floor  of  the  rift  and  the  rift  mountains  is 
caused  by  flexure).  This  is  close  to  the  yield  strength 
of  olivine  for  conditions  appropriate  to  this  problem 
(e.g.,  see  Figure  15  in  Tapponier  and  Francheteau. 
1978),  which  suggests  that  the  lithosphere  if  bent  far 
enough  may  occasionally  break  near  the  high  inside 
corner,  creating  normal  faults  that  dip  away  from  the 
transform  fault. 

6.3.  Implications  for  scars  made  by  ridge 
offsets 

We  hypothesize  that  inside  corners  at  long  offsets 
subside  rapidly  (Figure  6)  because  they  are  decou¬ 
pled  by  the  active  transform.  They  are  rejuvenated 
by  coupled  uplift  as  they  pass  the  opposite  spreading 
center,  but  then  do  not  subside  quickly  because  they 
are  welded  to  the  outside  corner  block  of  the  now 
thick  plate  (Figure  8).  The  low  elevation  of  the 
outside  corner  likewise  should  persist  in  inactive 
fracture  zones  because  of  the  weld,  leading  to  the 
characteristic  asymmetric  cross  section  of  fracture 
zones  formed  at  slow  spreading  ridges  (Searle  and 
Laughton,  1977;  Collette,  1986). 

If  some  bending  stress  is  ‘frozen  in’  in  old  fracture 
zones,  the  geoid  anomaly  will  be  enhanced  over  and 
above  the  anomaly  that  would  be  produced  by  non¬ 
stress-supported  topography.  Since  coupled  uplift  at 
small  offsets  is  capable  of  producing  large  flexure  as 
well  as  large  topographic  asymmetry,  we  predict  that 
the  geoid  anomalies  over  fracture  zones  caused  by 
short  transform  offsets  may  be  easily  as  large  as 
those  of  fracture  zones  caused  by  long  transform 
offsets.  Indeed,  Seasat-derived  geoid  anomalies  over 
the  scar  from  the  small  33  30'  S  offset  on  the  Mid- 
Atlantic  Ridge  are  as  large  as  those  from  the  stars  of 
the  neighboring  Cox  and  Meteor  Transforms,  which 
are  long  offsets  (Gibert  and  Courtillot,  1988). 

In  this  analysis  we  do  not  address  the  force  caus¬ 
ing  uplift  of  the  inside  corner,  but  rather  start  with 
uplift  as  a  given,  taking  the  existence  of  the  rift  valley 
as  proof  that  uplift  does  occur.  We  suggest  that 
whatever  mechanism  creates  the  rift  valley  (and 
hence  the  rift  mountains)  also  provides  the  uplift 
force  for  the  high  inside  corner.  Several  competing 
hypotheses  have  been  put  forward  for  the  origin  of 
the  rift  valley:  the  viscous  head  loss  model  (Sleep, 
1969;  Lachenbruch,  1973,  1976;  Parmentier  and 
Forsyth,  1985).  the  steady  state  necking  model  (Tap¬ 
ponier  and  Francheteau,  1978),  and  the  bending 


moment  model  (Phipps  Morgan  et  at.,  1987).  All 
provide  the  needed  uplift  and  are  compatible  with 
our  hypothesis  for  the  origin  of  high  inside  corners. 

7.  Conclusions 

The  conclusions  reached  in  this  paper  represent  three 
different  levels  of  confidence.  That  high  inside  cor¬ 
ners  are  characteristic,  persistent  features  of  rifted 
slow  spreading  ridges  seems  inescapable.  Similarly, 
we  can  be  certain  that  they  do  not  occur  at  fast 
spreading  ridges,  and  that  their  size  is  not  a  simple 
function  of  offset  length.  A  second  level  of  con¬ 
fidence  concerns  their  origin.  That  high  inside  cor¬ 
ners  are  caused  by  decoupling  in  the  active  transform 
is  supported  by  three  lines  of  evidence:  the  apparent 
tilting  of  the  outside  corner  in  contrast  with  the 
normal  faulting  of  the  inside  comer,  the  good  corre¬ 
lation  between  rift  valley  relief  and  the  size  of  the 
asymmetry,  and  the  presence  of  inferred  strike  slip 
faulting  adjacent  to  the  lone  example  of  an  anoma¬ 
lously  tilted,  high  outside  corner  at  the  Mid-Cayman 
Rise  spreading  center  On  a  third  level  of  confidence, 
we  speculate  that  the  large  height  of  inside  corners  at 
small  offsets  can  be  explained  by  coupled  uplift.  The 
combined  hypotheses  may  be  summarized  as  follows. 
At  slow  spreading  ridges  the  lithosphere  is  formed  at 
a  low  elevation  in  the  rift  valley  floor,  and  goes 
through  uplift  as  it  moves  up  the  rift  valley  walls 
(Atwater  and  Mudie,  1973;  Macdonald  and 
Luyendyk,  1977).  A  transform  offset  will  juxtapose  a 
low  block  that  is  in  the  rift  valley  against  a  block 
that  has  already  gone  through  its  uplift.  If  these 
blocks  weld  to  each  other,  when  the  lower  block  goes 
through  its  uplift  it  will  lift  the  upper  block  with  it  - 
the  coupled  uplift  -  and  make  a  high  inside  corner 
(at  a  short  offset)  or  a  rejuvenated  older  plate  (at  a 
long  offset).  In  contrast,  the  decoupled  inside  corner 
is  free  to  rise.  Therefore  we  generalize  that  the 
decoupled  inside  corner  reflects  the  ‘equilibrium’  ele¬ 
vation  of  the  lithosphere,  whereas  the  outside  corner, 
rejuvenated  older  plate,  and  short  offset  inside  corner 
reflect  elevations  that  are  influenced  by  coupling  and 
the  attendant  flexure  of  the  lithosphere. 
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HISTORICAL  INTRODUCTION 

By  1854,  there  were  enough  deep  ocean  soundings  to  allow 
M.  F.  Maury  to  draw  the  first  bathymetric  chart  of  the  North 
Atlantic  Ocean  in  1855.  He  defined  the  great  shoaling  “mid¬ 
dle  ground”  of  the  Atlantic  basin,  later  to  be  known  as  the 
Mid-Atlantic  Ridge  (MAR).  It  is  interesting  to  note  that  during 
the  Challenger  expedition  (1872-1876),  Sir  Wyville  Thomson 
predicted,  on  the  basis  of  water  temperatures  alone,  that  the 
MAR  is  a  nearly  continuous  topographic  barrier  dividing  the 
Atlantic  Ocean.  In  the  1950s,  continuous  echogram  profiles  re¬ 
vealed  the  presence  of  a  deep  median  valley  along  the  axis  of  the 
MAR  (Heezen  and  others,  1959;  Hill  1960).  Seismicity  (Guten- 
burg  and  Richter,  1954)  and  the  occurrence  of  youthful  basaltic 
lavas  on  the  MAR  (Shand,  1949)  indicated  that  the  median  valley 
was  a  geologically  active  rift  zone.  Heezen  (I960)  first  suggested 
that  extension  across  the  rift  valley  might  be  responsible  for  accre¬ 
tion  of  basaltic  oceanic  crust  and  the  drift  of  the  continents,  but 
his  contention  that  this  rifting  resulted  from  expansion  of  the 
earth  was  incorrect.  High  heat  flow  measured  on  the  MAR  (Bul¬ 
lard  and  Day,  1961)  and  large  axial  magnetic  anomalies  (Heezen 
and  others,  1959)  were  added  to  seismicity  and  recent  volcanism 
as  enigmas  associated  with  the  rift  valley. 

In  his  seafloor  spreading  hypothesis  Hess  (1962)  elegantly 
explained  these  puzzling  observations  in  a  unified  model,  and  the 
bilateral  symmetry  of  magnetic  anomalies  found  on  other  mid¬ 
ocean  ridges  (Vine  and  Matthews,  1963;  Vine,  1966)  elevated 
seafloor  spreading  to  a  widely  accepted  theory.  However,  there 
were  early  indications  that  the  MAR  from  10  to  50°N  was  prob¬ 
lematical.  During  the  flurry  of  magnetic  anomaly  studies  in  the 
1960s  that  demonstrated  seafloor  spreading  in  one  ocean  basin 
after  another,  magnetic  anomalies  over  the  “type”  mid-ocean 
ridge  in  the  northern  Atlantic  eluded  a  clear  simple  seafloor 
spreading  interpretation,  except  over  the  Reykjanes  Ridge. 

There  was  little  doubt,  however,  that  the  MAR  had  to  be  a 
major  oceanic  spreading  center  and  that  the  median  valley  must 
mark  the  axis  of  spreading.  To  test  this  hypothesis,  the  first  exten¬ 


sive  study  of  the  MAR  median  valley  was  launched  by  Canadian 
investigators  at  45°N  based  on  Hill’s  (1960)  earlier  work  in  the 
area  (Fig.  1).  In  the  next  several  years,  the  ridge  at  45°N  was 
studied  in  unprecedented  detail,  including  high  density  magnetic, 
gravity,  and  bathymetric  surveys  (e.g.,  Loncarevic  and  others, 
1966;  Loncarevic  and  Parker,  1971),  seismic  refraction  (e.g.,  Keen 
and  Tramontini,  1970),  and  extensive  sampling  and  experimental 
work  (e.g.,  Aumento,  1968;  Barrett  and  Aumento,  1970;  Irving, 
1970).  Numerous  petrologic  and  geochemical  studies  yielded  the 
first  testable  models  for  oceanic  crustal  formation  (e.g.,  Cann, 
1970;  Aumento  and  others,  1971).  At  about  the  same  time,  signif¬ 
icant  but  less  intensive  studies  were  carried  out  at  23°N  (van 
Andel  and  Bowin,  1968)  and  at  43°N  (Phillips  and  others,  1969). 

In  spite  of  these  detailed  and  carefully  designed  studies,  the 
geophysical  structure,  fine-scale  tectonics  and  petrogenesis  of  the 
MAR  remained  obscure.  For  example,  correlatable  magnetic 
anomalies,  the  fundamental  measure  of  seafloor  spreading,  were 
still  poorly  resolved,  and  even  the  most  sophisticated  techniques 
for  analyzing  magnetic  data  yielded  only  marginal  results  (Lonca¬ 
revic  and  Parker,  1971).  Many  of  the  unanswered  questions  were 
addressed  by  more  advanced  technology  that  became  available  in 
the  late  1960s  and  early  1970s.  In  the  Trans-Atlantic  geotraverse 
program  (TAG),  new  efforts  included  long,  high-resolution  geo¬ 
physical  profiles  followed  by  detailed  narrow-beam  mapping  and 
sampling  of  the  MAR  from  24  to  27°N  (Fig.  1).  A  dive  pro¬ 
gram  followed  in  1982  using  the  research  submersible  ALVIN 
(Rona  and  others,  1982). 

The  most  ambitious  and  comprehensive  MAR  program  was 
project  FAMOUS  at  37°N  (Heirtzler  and  Le  Pichon,  1974).  This 
program  centered  around  the  first  use  of  manned  submersibles  in 
mid-ocean  ridge  exploration,  but  many  other  technologies  were 
also  used  and  tested  during  FAMOUS  (French-American  Mid- 
Ocean  Undersea  Study).  These  included  deep-tow,  ANGUS 
(Acoustically  Navigated  Geologic  Underwater  System),  ocean 
bottom  seismometer  refraction,  transponder  navigated  dredging, 
GLORIA  long-range  side-scan  sonar,  SASS  multi-beam  echo¬ 
sounding,  LIBEC  large  area  photography,  and  near-bottom  mag- 
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netic  and  thermal  measurements.  Although  the  new  techniques 
elucidated  and  more  carefully  defined  many  of  the  vexing  prob¬ 
lems  concerning  MAR  tectonics,  some  of  the  old  problems  re¬ 
mained  and  many  new  ones  arose  as  we  investigated  crustal 
generation  processes  on  a  finer  scale.  The  MAR  seemed  fairly 
simple  in  the  mid  to  late  1960s  once  it  was  recognized  as  a  major 
plate  boundary  where  the  oceanic  crust  is  accreted  within  and 
beneath  the  rift  valley.  Resolving  the  tectonics  on  the  scale  of 
terrestrial  field  investigations,  however,  proved  to  be  a  difficult 
and  rewarding  challenge. 

In  this  chapter  I  shall  discuss  the  detailed  investigations  of 
the  MAR  from  36  to  37°N  carried  out  during  the  FAMOUS 
(1973-74)  and  AMAR  (ALVIN  Mid- Atlantic  Ridge)  (1978) 
ALVIN  expeditions.  In  addition,  reference  will  be  made  to  work 
from  45°N,  26°N  and  23°N,  and  to  recent  studies  near  the  Oce¬ 
anographer,  Kane,  and  Verna  fracture  zones.  The  following  topics 
will  be  discussed:  (1)  gross  structure  of  the  MAR,  (2)  tectonics 
and  volcanism  within  the  rift  valley,  (3)  models  for  the  axial 
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magma  chamber,  (4)  disruption  of  spreading  center  processes  by 
closely  spaced  transform  faults. 

1.  GROSS  STRUCTURE  OF  THE 
MID-ATLANTIC  RIDGE 

The  large-scale  geomorphology  of  oceanic  spreading  centers 
seems  to  be  controlled  primarily  by  total  opening  rate,  which 
varies  from  about  1  to  16  cm/yr.  At  the  slow  total  opening  rates 
of  1  to  3  cm/yr  characteristic  of  the  MAR  in  the  north  Atlantic,  a 
deep  rift  valley  marks  the  spreading  center  (Figs.  2,  3).  At 
spreading  rates  of  3  to  5  cm/yr  (slow-intermediate  transition), 
characteristic  of  the  south  Atlantic  and  parts  of  the  Indian  Ocean, 
an  axial  rift  valley  is  well  developed  only  near  transform  faults, 
shoaling  significantly  and  almost  disappearing  between  transform 
faults.  The  median  valley  is  a  “nested”  rift,  with  an  inner  floor 
bounded  by  block-faulted  inner  walls  (Needham  and  Franche- 
teau,  1974).  Beyond  are  faulted  but  relatively  horizontal  terraces 
bounded  by  the  outer  walls  (Macdonald,  1975)  (Fig.  4).  The 
extremely  rough  and  faulted  topography  created  in  the  rift  valley 
is  largely  preserved  in  the  ocean  basin,  diminished  only  by  sedi¬ 
ment  burial.  At  intermediate  opening  rates  of  5  to  9  cm/yr,  the 
rift  valley,  if  present,  is  only  50  to  200  m  deep.  This  shallow  rift  is 


Figure  1 .  Detailed  information  of  the  Mid-Atlantic  Ridge  plate  boundary 
based  on  detailed  surveys  (areas  enclosed  in  boxes)  and  on  GEBCO 
charts.  Detailed  study  areas  discussed  in  the  text  are  shown  with  local 
spreading  rates  indicated.  Fracture  zones  are  shown  in  red.  The  latitudes 
of  numbered  median  rift  profiles  in  Figure  3  are  indicated  on  the  right. 
Notice  how  frequently  the  MAR  is  interrupted  by  transform  faults.  Many 
of  the  transform  faults  offset  the  ridge  only  a  short  distance  (<30  km)  and 
appear  as  bends  in  the  overall  trend  of  the  MAR.  Only  the  first  1 00-200  km 
of  the  fracture  zone  traces  are  shown  in  red.  Many  of  the  traces  are  not 
colinear  with  the  associated  transform  faults  suggesting  minor  shifts  in  the 
locations  of  the  transform  faults  as  shown  in  Figure  10D  (see  section  4  for 
discussion.) 
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Figure  2.  High  resolution  deep-tow  profiles  of  the  Mid-Atlantic  Ridge  rift  valley  in  the  FAMOUS  area 
(bottom)  with  profiles  of  the  intermediate  and  fast  spreading  parts  of  the  East  Pacific  Rise  for  compari¬ 
son.  Neovolcanic  zone  bracketed  by  Vs,  zone  of  fissuring  by  Fs,  plate  boundary  zone  (width  of  active 
fault  zone)  by  PBs.  Data  from  Macdonald  and  Luyendyk  (1977),  Lonsdale  (1977),  Normark  (1976), 
and  Shih  (1980). 


superposed  on  a  broad  axial  high  and  the  flanking  topography  is 
relatively  smooth  (Fig.  2).  At  fast  spreading  rates  (greater  than 
9  cm/yr)  there  is  no  rift  valley:  instead  a  triangular,  semi-circular 
or  rectangular-shaped  axial  high  is  observed  (e.g.,  EPR  south  of 
15°N;  Rea,  1978;  Macdonald  and  others,  1984).  The  topography 
is  relatively  smooth  with  a  fine-scale  horst  and  graben  structure. 

Careful  inspection  of  the  regional  bathymetry  of  the  MAR 
(Plate  2)  reveals  that  the  rift  valley  is  continuous  except  near 
major  hot  spots.  The  ubiquity  of  a  rift  valley  on  all  non-hot  spot 
slow  spreading  ridges  suggests  that  it  is  a  steady  state  structure 
(Fig.  5)  (Deffeyes,  1970;  but  see  Vogt,  this  volume,  Ch.  24).  If  this 
is  true,  a  problem  arises  in  explaining  the  disappearance  of  the 
axially  dipping  regional  slope  of  the  rift  valley  as  it  is  transformed 
into  the  horizontal  undulating  relief  of  the  rift  mountains  (Harri¬ 
son  and  Watkins,  1977;  Verosuband  Moores,  1981).  One  model 
is  that  the  rift  valley  walls  are  tilted  back  to  approximately  hori¬ 
zontal  in  the  rift  mountains.  The  rift  valley/rift  mountain 
transition  may  be  accomplished  by  a  modest  rotation  (5-9°)  of 
the  entire  rift  valley  half  section  as  it  passes  into  the  rift  moun¬ 
tains.  A  second  model  is  that  the  rift  valley  is  undone  by  ‘'unfault¬ 
ing”  along  pre-existing  inward-facing  faults  (Harrison,  1974). 
Thus,  as  new  normal  faults  are  created  near  the  center  of  the 
valley,  relict  normal  faults  are  collapsed  by  reverse  faulting  at  the 
valley  edges.  A  third  hypothesis  is  that  the  rift  valley  staircase  is 
effectively  over-printed  by  normal  faults  that  dip  away  from  the 
valley  axis  (Macdonald  and  Atwater,  1978a).  These  may  be  new 
fault  planes  or  reactivated  faults  that  previously  had  small  offsets. 
All  three  processes  must  be  acting  in  the  rift  mountains  to  main¬ 
tain  a  steady  state  rift  valley  (Macdonald  and  Atwater,  1978a; 
Harrison  and  Stieltjes,  1977).  These  processes  are  related  to  a 
significant  tilting  of  fault  blocks  away  from  the  rift  axis  by  at  least 
10-30°  (Macdonald  and  Atwater,  1978b).  This  tilting  is  either 
manifested  by  flexure  and  resulting  failure  of  the  crust  by 


outward-dipping  normal  faulting,  or  by  simple  tilting  of  crustal 
blocks  (Macdonald  and  Atwater,  1978b).  These  processes  occur 
as  far  as  30  kilometers  off  axis,  which  accounts  for  the  greater 
width  of  the  plate  boundary  zone  on  slow  spreading  ridges  (ap¬ 
proximately  60  kilometers),  compared  with  fast  spreading  centers 
(about  8-20  kilometers)  (Shih,  1980). 

There  is  still  considerable  debate  over,  the  size  occurrence 
and  mechanisms  of  Atlantic  oceanic  crust  rotation..  One  hy¬ 
pothesis  is  that  the  rotations  may  be  surprisingly  large,  and  that 
significant  outward  tilting  may  be  accomplished  by  rotation  along 
listric  normal  faults  that  occur  in  the  rift  valley  and  rift  moun¬ 
tains.  A  listric  normal  fault  is  one  that  is  curved  and  concave 
upward,  such  that  the  fault  dip  is  high  or  medium  angle  (greater 
than  45°)  near  the  surface,  decreasing  to  near  horizontal  at  depth. 
However,  it  should  be  noted  that  there  is  little  evidence  from 
ophiolites  for  crustal  tilts  exceeding  60°  as  suggested  by  Verosub 
and  Moores  (1981). 

Bathymetric  profiles  of  the  rift  valley  reveal  that,  while  the 
valley  is  present  nearly  everywhere,  its  shape,  depth  and  width 
may  vary  considerably  (Fig.  3).  Depth  of  the  valley  floor  rela¬ 
tive  to  the  rift  mountains  may  vary  in  the  extreme,  from  1 .0  to  2.8 
km,  with  a  mean  value  of  1.4  km  (Fig.  5).  The  width  between 
the  shallowest  points  of  the  bounding  scarps  generally  varies  from 
20  to  40  km.  The  variation  in  depth  to  the  floor  of  the  rift  valley 
is  related  to  proximity  to  transform  faults. 

Any  model  for  the  creation  of  the  MAR  rift  valley  must 
account  for  its  extraordinary  depth  and  its  disappearance  at  in¬ 
termediate  spreading  rates.  1  have  compiled  data  from  the  MAR. 
the  East  Pacific  Rise,  (EPR),  the  Indian  Ocean  Ridge,  and  the 
Pacific  Antarctica  Ridge  to  investigate  the  disappearance  of  the 
rift  valley  as  a  function  of  spreading  rate  (Fig.  5).  It  is  almost 
always  present  (except  for  major  hot  spots)  at  spreading  half-rates 
lower  than  1.7  cm/yr.  At  spreading  half-rates  above  4.5  cm/yr. 
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Figure  3.  Profiles  of  the  MAR  rift  valley  from  10°  to  50°N.  All  are  surface  vessel  echo-sounding  profiles 
except  for  profile  12  in  the  FAMOUS  area  (which  is  the  same  as  the  deep-tow  MAR  profile  in  Figure 
2).  Notice  how  the  median  rift  valley  is  ubiquitous,  its  depth  varying  from  1.0  to  2.8  km.  On  profile  4 
the  valley  is  partially  filled  in  by  a  seamount.  The  shape  of  the  valley  varies  from  a  V-shaped  to  a 
U-shaped  structure  as  discussed  in  the  text. 


an  axial  high  is  always  present,  while  for  half-rates  between  1 .7 
and  4.5  cm/yr  the  axis  may  have  either  a  rift  valley  or  a  gentle 
axial  high  with  a  very  shallow  summit  rift  zone  (Figs.  2  and  5). 

The  transition  from  rift  valley  to  axial  high  as  a  function  of 
spreading  rate  is  more  gradual  than  one  might  conclude  from  the 
data  in  Figure  5.  For  spreading  half-rates  exceeding  1.7  cm/yr,  a 
rift  valley  greater  than  300  m  deep  occurs  only  within  20  km  of  a 
triple  junction  or  transform  fault  intersection.  A  good  example  is 
the  EPR  near  23°N  where  a  600  m  deep  rift  valley  occurs  1 2  km 
away  from  the  intersection  of  the  EPR  with  the  Tamayo  Fracture 
zone.  It  is  indistinguishable  from  the  inner  rift  of  the  FAMOUS 
area  (see  Fig.  6  in  Macdonald  and  others,  1979  and  compare  with 
Figures  2  and  3).  Yet,  only  30  km  from  the  intersection,  the  EPR 
is  marked  by  a  clear  axial  high.  In  addition,  many  of  the  profiles 
in  Figure  5  occur  near  ridge-transform  intersections.  Thus  a  model 
for  rift  valley  dynamics  must  account  for  a  gradual  disappearance 
of  the  rift  valley  at  spreading  half-rates  exceeding  1.7  cm  per  year, 


and  the  persistence  of  a  rift  valley  at  rates  up  to  9.0  cm  per  year 
near  transform  fault  or  triple  junction  intersections. 

There  is  a  plethora  of  rift  valley  models.  Of  the  kinematic 
models,  there  are  several  that  explain  rift  valleys  and  axial  peaks 
as  caused  by  imbalances  in  the  width  of  the  crustal  accretion 
zones  versus  the  width  of  the  lithospheric  acceleration  zones  (Def- 
feyes,  1970;  Anderson  and  Noltimier,  1973;  Nelson,  1981;  Reid 
and  Jackson,  19£1).  These  models  suggest  that  creation  of  the 
oceanic  crust  takes  place  over  a  wider  region  than  the  active 
tectonic  zone,  that  is,  an  area  wider  than  60  km.  This  contradicts 
Alvin  observations  and  deep-tow  magnetic  inversion  studies  that 
place  upper  bounds  on  the  width  of  the  zone  crustal  formation 
(Ballard  and  van  Andel,  1977;  Macdonald,  1977).  Palmason's 
(1980;  this  volume)  kinematic  model  does  not  encounter  this 
contradiction,  but  does  not  address  the  problem  of  creating  a 
deep  rift  valley  since  one  does  not  exist  in  Iceland. 

The  two  most  applicable  models  are  the  viscous  head  loss 
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Figure  4.  Charts  of  the  FAMOUS  and  AMAR  rifts,  contour  interval  200  m  (see  also  Vogt,  this  volume 
Ch.  24).  The  rift  segment  from  FZA  to  FZB  is  referred  to  in  the  literature  as  the  FAMOUS  rift  or  rift 
valley  2,  while  the  segment  south  of  FZB  is  known  as  the  AMAR  rift  or  rift  valley  3.  Areas  of  intensive 
study  using  submersibles  are  shown  in  red  boxes.  Alvin  studies  were  also  carried  out  in  the  rift 
mountains  and  on  FZB,  while  other  instruments  such  as  GLORIA,  Deep-Tow,  and  ANGUS  were  used 
over  a  much  broader  area.  Inner  floor  volcanoes  are  shown  as  red  patches  and  the  inferred  active 
transform  fault  traces  are  shown  as  red  lines.  Many  of  the  volcanoes  in  the  AMAR  rift  are  relatively  old 
and  fault-bounded.  Profile  A-A'  of  the  FAMOUS  rift  is  typical  of  a  V-shaped  valley  cross-section  with 
a  narrow  inner  floor  and  wide  terraces,  while  deep-tow  profile  B-B'  of  the  AMAR  rift  is  typical  of  a 
U-shaped  valley,  a  cross-section  with  a  wide  inner  floor  and  narrow  terraces.  An  evolutionary  sequence 
may  exist  with  the  U-  and  V-shaped  rift  valleys  as  end-members  in  which  the  walls  bound  the  width  of 
the  neovolcanic  zone  and  influence  the  fidelity  of  the  recording  of  magnetic  anomalies.  Note  that  the 
FAMOUS  and  AMAR  rifts  are  20°  oblique  to  FZA  and  FZB,  however  they  are  perpendicular  to  the 
Minster  and  Jordan  (1978)  pole  of  opening  for  the  North  Atlantic.  Hence  oblique  spreading  here  is  only 
apparent.  The  short  offset  transform  faults  have  a  component  of  extension  across  them  and  do  not  trace 
small  circles  about  the  pole  of  opening.  The  resulting  fracture  zones,  however  do  trace  small  circle  paths. 
Note  also  that  the  AMAR  and  FAMOUS  rifts  appear  to  overlap  at  FZB.  However,  the  neovolcanic 
zones  have  only  a  minimal  overlap,  and  the  large  apparent  overlap  may  be  due  to  north-south  lateral 
shifts  of  FZB  as  shown  in  Figure  9D. 
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Figure  5.  Depth  of  the  median  valley  as  a  function  of  spreading  rate.  A 
1 .0-2.8  km  deep  valley  is  ubiquitous  for  spreading  half-rates  less  than  1 .7 
cm/yr  and  an  axial  high  is  always  present  at  half-rates  above  4.5  cm/yr 
(solid  red  symbols).  Between  1.7  and  4.5  cm/yr  a  rift  valley  may  occur, 
but  generally  near  transform  fault  intersections  or  triple  junction  intersec¬ 
tions.  Thus  the  disappearance  of  the  rift  valley  as  a  function  of  spreading 
rate  (away  from  transform  or  triple  junction  intersections)  is  gradual, 
occurring  between  half-rates  of  1.7  and  4.5  cm/yr. 


model  of  Sleep  and  others  (Sleep,  1969;  Lachenbruch,  1973, 
1976;  Sleep  and  Rosendahl,  1979),  and  the  steady-state  necking 
model  (Tapponier  and  Francheteau,  1978).  According  to  Sleep’s 
model,  along  the  sides  of  an  idealized  conduit  Upping  upwelling 
limbs  of  asthenospheric  material,  viscous  forces  are  sufficient  to 
cause  a  significant  loss  of  hydraulic  head,  resulting  in  a  topo¬ 
graphic  depression  over  the  spreading  center.  To  conserve  energy, 
this  head  loss  is  regained  by  uplift  of  the  rift  valley  wails  relative  to 
the  valley  floor.  The  head  loss  is  directly  proportional  to  the  up- 
welling  velocity  and  inversely  proportional  to  the  cube  of  the 
conduit  width.  A  deep  rift  valley  is  present  at  slow  spreading  rates 
because  material  upwells  through  a  relatively  narrow  conduit 
formed  by  the  frozen  lithosphere.  At  faster  spreading  rates,  there 
is  far  less  head  loss  because  a  wider  conduit  overwhelms  the 
dependence  on  flow  rate.  The  rift  valley  is  replaced  by  flat  topog¬ 
raphy  or  a  cresul  peak  that  may  be  caused  by  the  presence  of  a 
low  density  crustal  magma  chamber,  Thus,  the  cross  section  of 
fast  spreading  ridges  closely  approaches  that  expected  from 
buoyancy  in  a  relaxed  sute  while  slow  spreading  ridges  exhibit 
significant  dynamic  effects. 

In  the  “steady-sute  necking”  model  the  rift  valley  is  caused 
by  necking  or  thinning  in  a  ductile  layer  beneath  the  rift  valley. 
The  analogy  is  that  of  a  beam  plastically  necking-out  under  ten- 
sional  stress.  The  layer  does  not  actually  break  like  a  necking 
beam  because  new  material  is  added  consuntly  from  below 
(mainuining  steady-sute),  while  the  entire  region  is  continually 
uplifted  by  buoyancy  forces.  At  slow  spreading  rates  the  strength 
of  the  crust  and  the  axial  zone  is  presumed  great  enough  for 
necking  to  be  significant,  creating  a  rift  valley.  At  faster  rates,  the 
young  crust  is  too  hot  and  weak  at  shallow  levels  for  this  process 


to  be  significant.  There  is  still  considerable  controversy  over 
which  models  best  describe  rift  valley  dynamics. 

While  the  large  scale  bilateral  symmetry  of  the  MAR  sug¬ 
gests  a  symmetric  spreading  history,  high  resolution  magnetic 
studies  reveal  that  spreading  is  generally  asymmetric.  For  exam¬ 
ple,  in  the  FAMOUS  area,  the  spreading  rate  has  been  grossly 
symmetrical  for  10  m.y.  (Bird  and  Phillips,  1975).  However, 
deep-tow  profiles  reveal  that  the  grossly  symmetrical  spreading  is 
composed  of  episodes  of  highly  asymmetric  spreading  that  re¬ 
verse  in  sense.  At  37°N  the  spreading  rates  for  0-2  Ma  are 
0.7  cm/yr  to  the  west  and  1 .3  cm/yr  to  the  east,  while  the  rates 
for  2-4  Ma  are  1.3  cm/yr  to  the  west  and  1.0  cm/yr  to  the 
east  (Macdonald,  1977).  Asymmetric  spreading  that  reverses  in 
sense  through  time  results  in  large  scale  symmetry  when  averaged 
over  107  years.  Asymmetric  spreading  for  crust  0-5  m  y.  old  in 
the  Atlantic  has  been  reported  at  45°N  (Loncarevic  and  Parker, 
1971),  26°N  (McGregor  and  Rona,  1975)  and  6°S  (van  Andel 
and  Heath,  1970).  Adjacent  segments  of  the  MAR  often  have 
asymmetric  spreading  in  opposite  senses  requiring  the  intervening 
transform  fault  to  lengthen  or  shorten.  Long  term  persistent 
asymmetry  in  spreading  rate  and  topography  has  not  been  re¬ 
ported  for  the  MAR  except  north  of  Iceland  (Vogt  and  others, 
1982). 

2.  TECTONICS  AND  VOLCANISM 
WITHIN  THE  RIFT  VALLEY 

The  Neovolcanic  Zone 

The  neovolcanic  zone  is  the  area  straddling  the  spreading 
axis  in  which  most  of  the  recent  and  ongoing  surficial  volcanism 
occurs.  On  the  MAR  it  is  characterized  by  a  highly  discontinuous 
chain  of  volcanoes  that  are  elongate  parallel  to  the  spreading  axis 
(Needham  and  Francheteau,  1974;  Macdonald  and  others,  1975). 
Mount  Venus,  in  the  FAMOUS  area,  is  a  typical  example  with 
dimensions  of  1  *  4  km  and  a  height  of  250  m  (ARC YANA, 
1975).  While  the  axial  volcanoes  are  primarily  composed  of  fresh 
sediment-free  pillow  basalts,  thin  sheet  flow  basalts  (approxi¬ 
mately  10-50  cm  thick)  are  also  observed,  especially  on  flatter 
flanking  areas  and  near  volcanic  collapse  pits  (Atwater,  1979). 
The  boundaries  of  the  neovolcanic  zone  are  difficult  to  define 
precisely  because  of  the  lack  of  reliable  radioactive  age  dating 
tools  for  young  basaltic  rocks.  Instead  we  must  use  fine-scale 
sediment  cover  and  the  fresh  appearance  of  basaltic  lava  mor¬ 
phologies.  The  roughness  of  the  pillow  lava  surfaces  shield  local 
sediment  pockets  less  than  50  cm  deep  from  bottom  current 
erosion,  so  that  sediment  cover  can  be  a  fairly  reliable  measure  of 
age.  Submarine  lavas  also  exhibit  a  wide  range  of  fragile  orna¬ 
mentation  and  glassy  surfaces  that  show  visible  degradation  in 
only  102- 103  years.  Other  useful  criteria  for  age  are  the  progres¬ 
sive  inward  palagonitization  of  pillow  rims  and  a  progressive 
coating  of  manganese  that  changes  the  surface  appearance  of 
pillows  from  glassy  to  stony  (Bryan  and  Moore,  1 977).  Based  on 
submersible  and  deep-tow  camera  studies  using  these  criteria,  it 
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has  been  estimated  that  the  neovoicanic  zone  is  only  I  to  3  km 
wide  in  the  FAMOUS  area  of  the  MAR  (Ballard  and  van  Andel, 
1977;  Luyendyk  and  Macdonald,  1977;  ARC  YANA,  1975).  Cre¬ 
dence  is  lent  to  these  qualitative  observations  by  determinations 
of  other  workers  at  other  spreading  centers  showing  that  the 
neovoicanic  zone  is  rarely  wider  than  3  km  regardless  of  spread¬ 
ing  rate  (RISE,  1980;  Corliss  and  others,  1979;  Rona  and  Grey, 
1980).  The  neovoicanic  zone  at  various  spreading  centers  is 
bracketed  by  V’s  in  Figure  2. 

Observations  of  fresh  lavas  and  sparse  sediment  cover  give 
only  an  instantaneous  view  of  the  neovoicanic  zone.  One  way  to 
determine  temporal  variations  in  the  width  and  location  of  the 
neovoicanic  zone  is  through  high-resolution  deep-tow  studies  of 
magnetic  anomaly  transitions.  The  magnetic  anomaly  polarity 
transition  width  is  a  measure  of  the  crustal  accretion  zone  width, 
including  the  neovoicanic  zone  and  underlying  magnetized  plu- 
tonics  (Harrison,  1968).  On  the  MAR,  the  transition  zone  appears 
to  vary  between  1  and  8  km  in  width  (Macdonald,  1977).  Thus, 
while  the  neovoicanic  zone  is  generally  only  1  to  3  km  wide  over 
short  periods  of  time,  there  may  be  a  tendency  for  the  crustal 
accretion  zone  to  wander  laterally  or  periodically  widen  up  to  5 
or  even  10  km  within  the  rift  valley  inner  floor. 

Another  way  in  which  magnetic  anomalies  may  be  used  to 
define  the  neovoicanic  zone  is  by  mapping  maxima  in  the  axial 
magnetization.  The  zones  of  most  recent  volcanism  tend  to  be 
marked  by  very  high  magnetizations  because  the  basaltic  rocks 
have  not  yet  been  exposed  to  extensive  low-temperature  oxida¬ 
tion  that  tends  to  reduce  magnetization  (Klitgord  and  others, 
1975).  In  the  FAMOUS  and  AMAR  study  areas,  inversion  of 
near-bottom  magnetic  anomalies  and  direct  paleomagnetic  sam¬ 
pling  show  that  the  most  recent  lavas  have  magnetizations  of 
approximately  20  to  40  amps  per  meter,  relative  to  magnetiza¬ 
tions  of  only  2  to  10  amps  per  meter  for  rocks  older  than  0.5  Ma. 
While  caution  must  be  exercised  in  using  this  approach  because 
of  other  petrologic  and  geochemical  variations  that  may  affect  the 
magnetization  (Prevot  and  others,  1979),  this  method  has  proven 
very  useful  for  mapping  zones  of  recent  volcanism  on  many 
spreading  centers  (Klitgord  and  others,  1975;  Macdonald,  1977; 
Van  Wagonner  and  Johnson,  1983).  The  width  of  the  active 
volcanic  zone  inferred  from  crustal  magnetization  in  the 
FAMOUS  area  is  very  narrow,  less  than  2  to  3  km. 

Off-axis  volcanism  does  occur  on  the  Mid-Atlantic  Ridge 
(Heirtzler  and  Ballard,  1977).  In  the  FAMOUS  area,  deep-tow 
magnetic  data  indicate  that  up  to  10  percent  of  the  volcanism 
occurs  outside  the  main  neovoicanic  zone  in  crust  0.5  to  2.0  m.y. 
old,  that  is,  5  to  20  km  off  axis  (Macdonald,  1977;  Atwater, 
1979). 

How  often  do  major  volcanic  eruptions  occur  along  the 
MAR  neovoicanic  zone?  A  combination  of  magnetic  and  physi¬ 
cal  property  studies  coupled  with  seismic  refraction,  deep-sea 
drilling  analyses,  and  ophiolite  field  studies  suggest  that  the  thick¬ 
ness  of  the  volcanic  section  is  approximately  1  ±  0.5  km  (Hall 
and  Robinson,  1979;  Fox  and  others,  1973;  Christensen  and  Salis¬ 
bury,  1975;  Pallister  and  Hopson,  1981).  This  information  can  be 


combined  with  the  precise  knowledge  of  the  dimensions  and 
spacing  of  volcanoes  (based  on  multi-beam  charts  in  the 
FAMOUS  area)  to  estimate  the  spatial  density  of  volcanoes  in 
the  crustal  section.  When  combined  with  the  spreading  rate,  the 
frequency  of  major  eruptive  cycles  large  enough  to  construct  a 
volcano  the  size  of  Mt.  Venus  can  be  estimated  to  be  once  every 
5000  to  10,000  years  (Bryan  and  Moore,  1977;  Atwater,  1979). 
Do  these  axial  eruptions  occur  rapidly  with  long  periods  of  inter¬ 
vening  quiescence,  or  is  actively  fairly  continuous  at  a  slow  rate? 
Analogy  with  terrestrial  eruptions  suggests  the  former.  Perhaps 
the  best  evidence  is  from  deep-sea  drilling  project  (DSDP)  holes. 
For  holes  greater  than  500  m  deep,  thick  crustal  units  occur  in 
which  magnetic,  petrologic,  and  geochemical  properties  are 
nearly  uniform  and  are  significantly  different  from  crustal  sections 
above  or  below.  In  the  presence  of  secular  variation  of  the  mag¬ 
netic  field,  this  suggests  eruption  episodes  of  short  duration,  1  to 
100  yrs,  separated  by  long  periods  of  quiescence  (Hall  1976). 
Eruptive  episodes  may  be  far  more  frequent  in  Iceland  since  it  is 
the  epicenter  of  a  major  hotspot  (Saemundsson,  this  volume). 

Another  indication  of  shifting  or  widening  of  the  neovoi¬ 
canic  zone  comes  from  evidence  that  reversely  magnetized  rocks 
exist  within  the  inner  floor  of  the  MAR  (Ade-Hall  and  others, 
1973;  Johnson  and  Atwater,  1977).  This  is  quite  startling  because 
the  crust  here  should  all  be  of  positive  polarity.  Small  outcrops  of 
reversely  magnetized  rocks  sampled  from  Alvin  are  most  likely 
caused  by  eruption  during  a  brief  reversal  within  the  Brunhes 
epoch  (Van  Waggoner  and  Johnson,  1983).  However,  the  large 
negative  anomalies  measured  by  surface  as  well  as  deep-tow 
magnetometers  may  be  caused  by  blocks  of  older  crust  (>0.7 
m.y.)  left  behind  by  small  jumps  of  the  neovoicanic  zone  and 
buried  by  subsequent  lava  flows  (Macdonald,  1977).  There  is  a 
14  percent  probability  of  older  negative  crust  becoming 
temporarily  stranded  near  the  axis  due  to  small  lateral  shifts  ( 1  -5 
km)  of  the  neovoicanic  zone  within  the  inner  floor  (Macdonald. 
1977). 

A  difficult  problem  is  how  to  accumulate  a  volcanic  section 
approximately  1  km  thick  when  the  tallest  axial  volcanoes  are 
only  250  m  high.  Occasionally  the  1 .5  km  deep  rift  valley  may  be 
filled  with  a  seamount  (Johnson  and  Vogt,  1973;  Vogt,  this 
volume,  Ch.  24),  but  this  is  observed  at  only  two  places  along  the 
entire  length  of  the  MAR  at  this  time.  In  general  the  volcanic 
section  must  be  approximately  3  to  6  volcanoes  thick.  The  volca¬ 
noes  must  be  either  down-faulted  (Atwater,  1979)  or  tilted 
steeply  toward  the  axis  (Moore  and  others,  1974)  to  allow  for 
vertical  accumulation  of  successive  flows.  Modelling  of  magnetic 
fields  (McGregor  and  Rona,  1975)  suggest  that  down-faulting 
must  occur  with,  at  most,  only  slight  rotation  of  the  volcanoes. 
Whether  the  axial  volcanoes  are  actually  split  in  half  or  trans¬ 
ported  laterally  as  intact  units  is  yet  another  question  and  is  still  a 
point  of  debate  (Atwater,  1979;  Ballard  and  van  Andel,  1977). 

Observations  outside  the  inner  floor  of  the  rift  valley  suggest 
that  at  least  some  of  the  axial  volcanoes  have  survived  the  precar¬ 
ious  trip  into  the  rift  mountains  and  onto  the  terraces.  Small 
volcanoes  that  are  elongate  parallel  to  the  sreading  axis  are 
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superposed  on  many  of  the  fault  blocks  outside  the  inner  floor. 
Curiously,  most  of  the  volcanic  highs  are  not  randomly  situated, 
but  form  lips  at  the  edges  of  fault  blocks  (Fig.  6).  Of  107 
volcanoes  mapped  outside  the  inner  floor  of  the  FAMOUS  area 
rift  valley,  72  (70%)  were  lips.  If  volcanoes  averaging  500  m  wide 
were  randomly  distributed  in  the  rift  mountains,  only  30%  would 
be  lips.  It  is  probable  that  these  volcanic  lips  are  created  within 
the  inner  floor  of  the  rift  valley  like  Mount  Venus.  If  the  axial 
volcano  has  been  dormant  for  some  time,  block  faulting  is  likely 
to  be  concentrated  along  its  edges  where  the  crust  is  thinnest, 
resulting  in  a  volcanic  lip  perched  at  the  edge  of  the  block  fault. 
However,  if  the  volcano  has  been  recently  active  and  the  iso¬ 
therms  are  still  peaked  beneath  the  edifice,  the  crust  may  be 
thinnest  and  weakest  along  its  axis  and  it  may  be  split  in  two  by 
faulting  and  rifting.  Both  examples  are  common  within  the 
FAMOUS  and  AMAR  study  areas  of  the  Mid-Atlantic  Ridge. 

Crustal  Fissuring 

Before  the  seafloor  is  100,000  years  old  the  crust  becomes 
intensely  fissured.  These  fissures  closely  resemble  the  gjar  in  Ice¬ 
land  and  are  typically  I  to  3  m  wide,  extending  10  m  to  2  km 
along  strike  (Luyendyk  and  Macdonald,  1977;  Ballard  and  van 
Andel,  1977).  The  most  intense  fissuring  occurs  between  the 
distal  edges  of  the  neovolcanic  zone  and  the  inner  walls  delimit¬ 
ing  the  inner  floor  of  the  rift  valley  (the  area  inside  the  Fs  in  Fig. 
2).  Their  azimuth  closely  parallels  the  strike  of  the  ridge,  suggest¬ 
ing  that  they  are  caused  by  tensions}  failure  of  the  crust  during 
spreading.  The  tensional  stresses  producing  pervasive  fissuring  are 
caused  by  horizontal  acceleration  of  crust  from  zero  at  the  ideal¬ 
ized  center  of  the  neovolcanic  zone  to  the  full  spreading  rate  at 
the  edge  of  the  plate  boundary  zone. 

It  is  likely  that  these  fissure  fields  provide  the  principal  ac¬ 
cess  for  cold  seawater  to  penetrate  the  young,  hot  oceanic  crust 
(Lister,  1972;  Lowell,  1975).  Detailed  field  observations  in  the 
FAMOUS  and  AMAR  areas,  as  well  as  recent  observations  in 
the  TAG  area  suggest  that  fissuring  is  particularly  intense  on  the 
Mid-Atlantic  Ridge  with  average  spacings  of  approximately  10  to 
50  m  between  major  fissures  (Ballard  and  van  Andel,  1977;  Rona 
and  others,  1982).  This  intense  fissuring  may  lead  to  extremely 
rapid  and  efficient  cooling  of  the  oceanic  crust  and,  as  a  result, 
high-temperature  hydrothermal  activity  at  the  seafloor-ocean  in¬ 
terface  may  be  extremely  rare.  Earthquake  focal  depths  of  up  to 
8-10  km  beneath  the  axis  suggest  that  the  fissures  may  extend  to 
significant  depths  (Lilwall  and  others,  1978;  Toomey  and  others, 
1982).  Instead,  most  high  temperature  hydrothermal  activity  and 
deposition  on  the  Mid-Atlantic  Ridge  may  be  confined  to  depth 
with  considerable  subsurface  mixing  of  fresh  seawater  with  hydro¬ 
thermal  fluids. 

Faulting 

At  a  distance  of  1  to  5  km  from  the  spreading  axis,  some 
fissures  develop  large  vertical  offsets  by  normal  faulting,  with 
most  of  the  faults  dipping  toward  the  spreading  center.  For  the 
profiles  shown  in  Figure  2,  significant  faulting  begins  near  points 
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Figure  6.  Two  high  resolution  deep-tow  profiles  of  the  west  inner  wall  of 
the  FAMOUS  rift  near  Mt.  Venus.  The  character  of  the  inner  wall  varies 
considerably  even  though  these  profiles  are  only  1 .2  km  apart.  Note  that 
the  inner  wall  does  not  provide  a  deep  “road  cut"  into  the  oceanic  crust 
since  the  escarpment  consists  of  at  least  nine  faulted  slivers.  Also  note  the 
volcanic  “lip"  perched  at  the  edge  of  the  escarpment  on  both  profiles. 
These  volcanoes  have  been  transported  out  of  the  inner  floor  by  faulting. 
Vertical  exaggeration  =  2.5x. 

F.  The  initiation  of  normal  faulting  creates  the  inner  walls  of  the 
rift  valley  that  bound  the  inner  floor.  Beyond  the  inner  walls  are 
the  relatively  horizontal,  undulating  terraces,  followed  by  the 
outer  walls  marking  the  boundary  between  the  rift  valley  and  the 
rift  mountains  (Fig.  4,  bottom). 

While  major  escarpments  on  the  MAR,  such  as  the  inner 
and  outer  valley  walls,  may  reach  heights  of  500  to  1000  m,  deep 
windows  are  not  provided  by  these  scarps  because  they  actually 
consist  of  many  closely  spaced  smaller  normal  faults.  The  west 
inner  wall  of  the  FAMOUS  rift  is  a  typical  example  (see  Fig. 
6)  in  which  a  single,  narrow  escarpment  500  to  700  m  high 
actually  consists  of  at  least  eight  normally  faulted,  20  to  100  m 
wide  slivers  with  individual  throws  of  15  m  to  a  maximum  of 
200  m.  Alvin  dives  reveal  that  the  fault  scarps  are  further 
obscured  by  a  layer  of  welded  fault  breccia. 

Long  range  GLORIA  side-scan  sonar  records  indicate  that 
the  average  spacing  of  major  faulted  escarpments  on  the  MAR 
near  45°N,  40°N,  and  36°N  average  2  km,  both  inside  and  out¬ 
side  the  rift  valley  (Laughton  and  Searle,  1979).  The  spacing  is  a 
matter  of  scale  and  resolution  as  Alvin  and  deep-tow  records 
show  much  closer  spacings  (Macdonald  and  Luyendyk,  1977; 
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Ballard  and  van  Andel,  1977).  The  question  of  average  fault 
length  and  continuity  encounters  the  same  problem.  Major  es¬ 
carpments  such  as  the  inner  waits  of  the  rift  valley  are  continuous 
between  transform  faults  and  reach  40  to  60  km  in  length.  How¬ 
ever,  as  shown  in  Figure  6,  high  resolution  profiles  only  1.2  km 
apart  show  significant  changes  in  fault  spacing  and  throw.  Rapid 
appearance  and  disappearance  of  individual  faults  along  strike 
has  been  documented  during  the  AMAR  Alvin  dives  as  well,  with 
faults  as  large  as  200  m  in  throw  persisting  only  1  to  2  km  along 
strike  as  distinct  structures. 

Both  the  faults  and  the  fissures  result  in  a  significant  horizon¬ 
tal  extension  of  the  crust.  In  the  FAMOUS  area,  the  combined 
extension  is  1 1  percent  to  the  west  and  18  percent  to  the  east,  the 
difference  being  in  the  same  sense  as  the  spreading  rate  asymme¬ 
try  of  0.7  cm/yr  to  the  west  and  1.3  cm/yr  to  the  east  (Macdo¬ 
nald  and  Luyendyk,  1977).  This  suggests  that  asymmetric 
spreading  results  in  asymmetric  crustal  extension  as  well  as 
asymmetric  crustal  accretion. 

The  depth  of  faulting  along  the  MAR  is  a  critical  unknown. 
Spectral  modeling  of  surface  waves  suggest  that  normal  faulting  is 
shallow,  only  3  to  5  km  deep  on  the  MAR  (Weidner  and  Aki, 
1973).  Ocean  bottom  seismometer  (OBS)  studies  on  the  MAR  at 
45°N  suggest  focal  depths  as  great  as  10  km  (Litwall  and  others, 
1978),  but  the  results  are  highly  questionable  since  most  of  the 
events  occur  slightly  outside  of  an  array  of  only  three  OBSs. 
However,  a  recent  study  on  the  MAR  near  23°N  with  a  larger 
number  of  instruments  and  much  better  hypocentral  control  doc¬ 
uments  focal  depths  of  8  ±  1  km  (Toomey  and  others,  1982).  In 
addition,  refraction  work  reveals  a  normal  5-6  km  thick  oceanic 
crustal  section  beneath  the  inner  floor  of  the  rift  (Purdy  and 
others,  1982).  Thus,  normal  faulting  to  depths  of  5  to  10  km  along 
the  axis  is  well  documented.  Francis  (1981)  has  suggested  that 
earthquakes  up  to  10  kilometers  deep  imply  that  normal  faulting 
penetrates  through  to  the  mantle  near  the  axis  of  the  MAR.  If  so, 
extensive  serpentinization  of  ultramafic  mantle  material  may 
occur  and  vertical  intrusion  of  serpentinite  may  invade  much  of 
the  base  of  the  crust  (Bonatti  and  Honnorez,  1976;  OTTER 
Scientific  team,  in  press). 

Episodiciiy  and  Variations  Along  Strike 

The  commonly-used  two-dimensional  approximation  of 
MAR  structure  and  tectonics  just  discussed  is  a  useful  starting 
point  for  analysis,  but  recent  high-resolution  studies  reveal  impor¬ 
tant  variations  along-strike  (Plate  8A)  as  well  as  episodicity  in 
time.  Detailed  studies  using  deeply-towed  cameras  and  sonars, 
submersibles,  and  multi-beam  bathymetry,  suggest  that  volcanism 
within  the  inner  floor  is  highly  episodic  and  may  follow  cycles 
(Francheteau  and  others,  1979).  Mapping  of  various  lava  types 
and  analogues  with  terrestrial  volcanic  cycles  suggest  that  pillow 
lavas  and  sheet  flows  are  the  submarine  equivalents  of  tube-fed 
and  surface-fed  pahoehoe,  respectively  (Ballard  and  others,  1979; 
Crane  and  Baltard,  1980).  The  analogy  suggests  that  sheet  flows 
erupt  from  a  new  volcanic  vent  at  very  high  effusion  rates  during 


the  initial  sage  of  the  volcanic  cycle.  As  the  volcanic  ediflc 
builds,  the  lava  starts  to  flow  through  a  volcanic  catacomb  c 
tunnels  and  tubes  rather  than  erupting  directly  from  fissure! 
Channeling  of  lava  through  the  volcanic  plumbing  system  am 
diminishing  effusion  rates  produce  pillow  lavas  rather  than  shee 
flows.  This  sequence  is  supported  by  detailed  petrologic  studies  ii 
the  FAMOUS  and  AMAR  areas  (Stakes  and  others,  1984). 

Very  detailed  paleomagnetic  studies  using  samples  collects 
from  Alvin  and  by  precise  transponder  navigated  dredgin; 
have  helped  to  unravel  some  of  the  fine-scale  volcano-tectonii 
development  within  the  inner  floor  of  the  FAMOUS  and  AMAF 
rifts  (Van  Waggoner  and  Johnson,  1983).  Magnetization  of  thi 
collected  samples  decays  by  a  factor  of  5  in  only  1 06  years  (Vogt 
this  volume,  Ch.  15).  This  result  agrees  well  with  magnetizatior 
determinations  made  by  modeling  of  deep-tow  magnetic  field 
(Macdonald,  1977).  Low  magnetizations  correlate  with  higl 
Curie  temperatures,  suggesting  that  low  temperature  oxidation  o 
the  magnetic  minerals  takes  place  quickly  after  the  basalts  are 
erupted.  Assuming  other  petrologic  effects  to  be  negligible,  Var 
Waggoner  and  Johnson  use  the  rapid  decay  of  magnetic  intensity 
to  establish  an  approximate  age  determination  technique.  The) 
find  that  surficial  rocks  representing  the  most  recent  volcanic 
phase  are  10,000  years  old  in  the  FAMOUS  area,  30,000  year; 
old  in  the  AMAR  area,  and  40,000  in  the  Narrowgate  area.  The 
highest  magnetizations  are  found  in  the  center  of  the  Narrowgate 
area  (84  amps/m)  suggesting  that  this  area  is  experiencing  a 
renewed  phase  of  volcanism  after  a  long  period  of  quiescence. 

From  the  FAMOUS-Narrowgate  area  to  the  AMAR  valley, 
the  period  of  time  since  the  last  phase  of  volcanism  increases  and 
the  terrain  becomes  increasingly  controlled  by  tectonic  rather 
than  volcanic  processes.  During  the  small  volume  volcanic  epi¬ 
sodes  in  AMAR.  the  rate  of  extension  and  normal  faulting  ex¬ 
ceeds  the  rate  of  volcanic  extrusion  so  that  no  significant  axial 
volcanoes  have  developed  in  the  neovolcanic  zone.  While  the 
most  recent  volcanism  in  the  FAMOUS-Narrowgate  area  is  con¬ 
fined  to  the  narrow  inner  floor,  the  broad  AMAR  inner  floor  has 
resulted  from  a  long  phase  of  tectonic  extension  and  normal 
faulting,  combined  with  a  long  period  of  volcanic  quiescence. 

Tectonism  may  be  quite  continuous  relative  to  the  periods  of 
quiescence  (approximately  10,000  years  long)  between  major 
episodes  of  volcanism.  The  entire  length  of  the  MAR  under  con¬ 
sideration  here  is  seismically  active  with  essentially  no  earthquake 
gaps  even  for  short  spreading  center  segments  and  for  time  pe¬ 
riods  as  short  as  ten  years  (Einarsson,  1979).  The  continuity  of 
tectonic  activity  extends  even  to  a  daily  time  span  with  a  steady 
pulse  of  microearthquake  activity  of  about  5  to  20  events  of 
magnitude  0  to  I  per  day  (Reid  and  Macdonald,  1973;  Spindel 
and  others,  1974;  Francis  and  others,  1977,  1978).  Most  of  the 
microearthquake  seismicity  is  associated  with  normal  faulting  in 
the  inner  walls  of  the  rift. 

The  FAMOUS  and  AMAR  projects  (Fig.  4)  produced 
the  first  detailed  geologic  map  of  a  spreading  center  on  a  scale 
comparable  to  detailed  studies  on  land.  Based  on  these  studies, 
volcanic  and  tectonic  episodes  of  activity  within  the  inner  floor 
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are  being  described  in  detail.  The  earlier  FAMOUS  work  is 
summarized  in  the  April  and  May  1977  issues  of  Geological 
Society  of  America  Bulletin.  The  very  fruitful  AMAR  program  is 
summarized  by  Atwater  (1979),  Crane  and  Ballard  (1981)  Stakes 
and  others  (1984)  and  Van  Wagonner  and  Johnson  (1983). 
Much  of  the  detailed  geological  work  is  still  in  progress  at  this 
writing. 

3.  MODELS  FOR  THE  AXIAL  MAGMA  CHAMBER 

It  has  been  proposed  that  crustal  volcanic  and  plutonic  rocks 
are  formed  by  differentiation  of  mantle-derived  parent  magmas  in 
a  shallow  axial  magma  chamber  (AMC),  rather  than  by  injection 
and  eruption  directly  from  the  mantle  (Melson  and  O’Hearn,  this 
volume).  The  AMC  model  has  been  strongly  supported  by  analy¬ 
sis  of  ophiolites  (e.g.,  Cann,  1974;  Dewey  and  Kidd,  1976;  Pal- 
lister  and  Hopson,  1981),  petrologic  studies  of  oceanic  rocks  (e.g., 
Natland,  1980;  Bryan  and  Moore,  1977;  Rhodes  and  Dungan, 
1979),  thermal  models  (Sleep,  1975, 1978;  Sleep  and  Rosendahl, 
1979),  and  seismic  experiments  (Orcutt  and  others,  1976).  The 
principal  evidence  comes  from  seismic  refraction,  where  an  AMC 
is  inferred  to  exist  beneath  the  axis  of  the  fast  spreading  East  Pa¬ 
cific  Rise  from  travel  time  delays,  and  shadow  zones  for  P  waves 
at  shot/receiver  ranges  of  15-35  km  (Orcutt  and  others,  1976; 
Reid  and  others,  1977;  see  Macdonald,  1982,  for  summary).  Such 
data  require  a  low  velocity  zone  interpreted  as  a  shallow  crustal 
AMC  beneath  the  spreading  axis.  Refraction  studies  have  indi¬ 
cated  AMCs  at  depths  of  2  to  6  km  beneath  the  EPR  near  22°N 
(McClain  and  Lewis,  1980),  21°N  (Reid  and  others,  1977),  15°N 
(Trehu,  1982),  13°N  (Orcutt  and  others,  in  press),  12°N  (Lewis 
and  Garmany,  1982),  10°S  (Bibee,  1979),  and  the  Galapagos 
spreading  center  near  86°W  (Bibee,  1979).  The  original  refrac¬ 
tion  results  at  the  East  Pacific  Rise  at  9°N  are  substantiated  by 
multichannel  seismic  reflection  work  (Herron  and  others,  1980; 
Hale  and  others,  1982).  An  AMC  is  not  detectable  on  the  EPR 
near  1 1°20'N  (Bratt  and  Solomon,  1984)  or  near  12°N  (Lewis, 
1983).  However,  both  of  these  sites  are  near  overlapping  spread¬ 
ing  centers. 

In  contrast,  numerous  seismic  refraction  studies  over  the 
slow  spreading  MAR  have  not  provided  clear  evidence  for  an 
AMC  (Poehls,  1974;  Whitmarsh,  1975;  Fowler,  1976;  Nisbet  and 
Fowler,  1978;  Fowler  and  Keen,  1979;  Toomey  and  others,  1982; 
Bunch  and  Kennett,  1980).  These  experiments  include  four  at¬ 
tempts  in  the  FAMOUS  area  at  37°N,  two  at  45°N,  one  at  23°N 
and  one  on  the  Reykjanes  Ridge.  On  slow  spreading  centers, 
however,  it  is  important  to  keep  in  mind  that  severe  limitations 
are  imposed  by  closely-spaced  offsets  of  the  spreading  center  by 
transform  faults.  In  addition,  rift  valley  topography  is  large  in 
amplitude  and  makes  travel  time  corrections  difficult.  However, 
the  carefully  executed  refraction  and  microearthquake  experi¬ 
ment  at  23°N  clearly  precludes  a  shallow  crustal  magma  chamber 
of  any  significant  size.  Normal  oceanic  crustal  structure  with  a 
mature  thickness  of  5  to  6  km  occurs  beneath  the  axis,  and 
microearthquakes  occur  to  depths  of  8  ±  1  km  beneath  the  axis 
(Toomey  and  others,  1982;  Purdy  and  others,  1982).  While  it  is 


possible  for  a  seismically  undetectable  AMC  to  exist  beneath  the 
MAR,  it  would  have  to  be  narrower  than  one  seismic  wavelength 
(approximately  1-2  km). 

There  is  little  doubt  that  AMCs  have  existed  beneath  all 
spreading  centers  at  one  time  or  another,  but  are  they  steady  state 
features  of  the  mid-ocean  ridge  system?  Are  they  steady  state  at 
fast  but  not  slow  spreading  centers?  The  debate  continues  on  this 
topic.  Unless  this  is  a  particularly  unusual  and  unique  period  in 
the  history  of  mid-ocean  ridges,  the  evidence  for  AMCs  beneath 
eight  out  of  10  ridge  segments  spreading  faster  than  6  cm/yr 
suggests  that  magma  chambers  are  at  least  quasi-steady  state  fea¬ 
tures  beneath  intermediate  and  fast  spreading  centers.  By  quasi¬ 
steady  state,  I  mean  that  they  are  permanent,  but  may  vary  with 
time  in  size  and  shape. 

Numerous  thermal  models  have  been  proposed  for  spread¬ 
ing  centers,  but  unfortunately  the  results  are  somewhat  ambigu¬ 
ous.  Sleep’s  model  (1975,  1978)  addresses  the  fine  scale  thermal 
structure  beneath  the  spreading  center  and  predicts  a  steady  state 
magma  chamber  at  intermediate  to  fast  spreading  rates.  More 
recent  models  that  account  for  the  importance  of  hydrothermal 
heat  loss  still  allow  for  maintenance  of  a  steady  state  magma 
chamber  at  intermediate  to  fast  spreading  rates  but  not  at  slow 
spreading  rates  (Sleep  and  Rosendahl,  1979;  Sleep,  1983).  Kuznir 
(1980)  however,  allows  for  hydrothermal  cooling  and  still  ob¬ 
tains  a  steady  state  magma  chamber  approximately  1  to  3  km 
wide  for  a  slow  half  spreading  rate  of  1  cm/yr.  At  the  other 
extreme.  Lister  (1983)  maintains  that  hydrothermal  circulation 
precludes  the  maintenance  of  a  steady  state  magma  chamber  at 
even  the  fastest  known  spreading  rates.  The  conflict  in  thermal 
models  stems  from  poorly  constrained  estimates  for  the  magni¬ 
tude  and  areal  distribution  of  hydrothermal  heat  loss  at  spreading 
centers,  and  ignorance  of  the  depth  and  rate  of  crustal  Assuring. 
Another  important  unknown  concerns  the  rate  at  which  cracks 
propagate  downward  in  the  axial  zone  versus  the  importance  of 
closing  of  the  cracks  by  hydrothermal  precipitation. 

While  seismic  evidence  for  AMCs  beneath  the  MAR  is 
negative  or  at  best  unresolved,  petrologic  evidence  (Melson  and 
O’Hearn,  this  volume)  suggests  that  the  AMC  is  quasi-steady 
state  even  at  slow  spreading  rates  (Bryan  and  others,  1979;  Bryan 
and  Moore,  1977;  Stakes  and  others,  1984).  The  very  narrow 
range  of  petrologic  composition  of  basalt  samples  from  the  MAR 
suggests  that  AMCs  are  steady  state  even  at  spreading  rates  of  2 
cm/yr.  If  magma  chambers  were  non-steady  state  (i.e.  transient), 
very  primitive  or  highly  fractionated  basalts  should  erupt  during 
the  formative  and  waning  stages  of  the  magma  chamber, 
respectively. 

In  response  to  this  controversy,  a  number  of  AMC  models 
have  been  proposed  (Fig.  7).  The  infinite  onion  model  features 
a  steady  state  AMC  in  which  the  edges  successively  freeze  (Cann, 
1974).  This  brought  tears  to  the  eyes  of  seismologists  who  had 
found  no  evidence  of  an  AMC  anywhere  along  the  MAR.  An 
infinite  leek  model  has  been  proposed  which  features  an  ephe¬ 
meral  AMC  and  creates  the  gabbro  layer  by  repeated  freezing 
and  coalescing  of  transient  magma  chambers  (Nisbet  and  Fowler, 
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MAR  MAGMA  CHAMBER  MODELS 
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Figure  7.  Three  of  the  possible  models  for  axial  magma  chambers  beneath  the  MAR.  (A)  Model  based 
on  observations  in  the  Semail  ophiolite  in  Oman  after  Pallister  and  Hopson  (1981).  (B)  the  infinite 
onion  model  after  Cann  (1974)  and  Bryan  and  Moore  (1977),  (C)  the  infinite  leek  model  after  Nisbet 
and  Fowler  (1978).  The  Semail  and  infinite  onion  models  predict  a  steady  stale  magma  chamber 
(S.S.M.C.).  As  drawn,  both  chamber  models  should  be  seismically  detectable,  but  w  ould  not  be  if  they 
were  less  than  1-2  km  wide.  Model  (C)  predicts  a  non-steady  state  magma  chamber.  See  text  for 
discussion.  For  simplicity,  possible  subsurface  extensions  of  normal  faults  into  the  dike  and  gabbro  layers 
are  not  shown.  (D)  shows  a  possible  along-strike  section  for  the  steady  state  magma  chamber  models. 
The  chamber  may  exist  in  the  steady  state  along  only  30  percent  of  the  length  of  the  MAR,  confined  to 
the  elevated  regions  of  the  rift  valley  away  from  transform  fault  intersections. 


1978).  However,  each  leek  is  a  closed  system  intrusion  that 
would  produce  highly  fractionated  lavas  upon  freezing.  Unless 
these  highly  fractionated  magmas  fail  to  erupt  for  some  reason, 
this  model  directly  conflicts  with  the  detailed  petrologic  sampling 
of  the  FAMOUS  and  AMAR  programs  (Bryan  and  Moore,  1977; 
Stakes  and  others,  in  press). 

Stakes  and  others  (1984)  have  proposed  an  AMC  model 
similar  to  that  for  Oman  (Pallister  and  Hopson,  1981)  for  the 
MAR  based  on  extensive  sampling  of  the  FAMOUS  and  AMAR 
rifts.  The  AMC  is  funnel-shaped  with  the  narrow  end  down 
(Fig.  7).  In  this  funnel  model,  steady  state  replenishing  and 
continued  magma  mixing  account  for  the  uniform  composition  of 
the  basalts  collected  from  Alvin.  The  chamber  is  postulated  to 
be  only  1  to  2  km  wide,  sidestepping  the  negative  seismic  evi¬ 


dence  by  making  it  too  narrow  to  be  detected.  In  addition,  the 
AMC  exists  as  a  steady  state  feature  only  near  the  elevated  mid¬ 
points  of  the  inner  floor  of  the  rift  valley,  away  from  the  cooling 
edge  effects  of  transform  faults.  Note  that  Mt.  Venus,  which  is  1 5 
km  away  from  FZA,  is  characterizead  by  very  primitive  basalts 
that  may  have  erupted  directly  from  the  mantle  rather  than  frac¬ 
tionating  in  a  magma  chamber.  Thus,  given  that  the  entire  length 
of  the  FAMOUS  rift  is  only  43  km,  only  the  central  10  to  15  km 
of  the  rift  valley  or  only  1/3  of  its  total  length  would  retain  a 
steady  state  AMC  in  this  model.  In  the  past  I  have  advocated  a 
non-steady  state  AMC  at  slow  spreading  rates  (Macdonald, 
1982),  but  since  the  petrologists  have  retreated  to  such  a  tiny  1  * 
2  *  10  km  AMC,  perhaps  the  geophysicists  should  let  them  keep 
it!  In  any  case,  even  if  a  small  AMC  such  as  this  persists  in  a 
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steady  state  on  the  MAR,  the  lack  of  significant  along-strike 
continuity  of  the  AMC  could  explain  many  of  the  spreading 
rate-related  structural,  tectonic,  and  volcanic  differences  between 
the  slow  spreading  MAR  and  the  fast  spreading  East  Pacific  Rise 
(Macdonald,  1983a,  b). 

4.  DISRUPTION  OF  SPREADING  CENTER 
PROCESSES  BY  CLOSELY  SPACED 
TRANSFORM  FAULTS 

Transform  faults  are  very  closely  and  uniformly  spaced  on 
the  MAR  (Fig.  8).  Given  that  the  thermal  and  structural  effects  of 
transform  faults  extend  15  to  30  km  away  from  their  intersections 
with  spreading  centers  (Fox  and  Gallo,  1984;  and  this  volume) 
and  that  the  inter-transform  spacing  on  the  MAR  is  55  km  (Fig. 
8),  there  are  essentially  no  segments  of  the  MAR  that  are  normal 
or  free  of  transform  fault  edge  effects.  In  this  light  it  is  folly  to 
discuss  the  tectonics  of  the  MAR  without  assessing  the  influences 
of  the  transform  faults.  I  shall  restrict  myself  to  ways  in  which  the 
MAR  is  modified  near  transform  fault  intersections.  There  are 
four  processes  that  occur  near  ridge  transform  (RT)  intersections 
discussed  here:  (1)  deepening  and  widening  of  the  rift  valley  due 
to  increased  hydraulic  head  loss;  (2)  thinning  of  the  oceanic  crust 
due  to  thermal  edge  effects;  (3)  transmission  of  shear  stresses 
associated  with  the  transform  fault  into  the  spreading  center  do¬ 
main  with  resultant  rotation  of  fault  trajectories;  and  (4)  a  phe¬ 
nomenon  I  shall  call  apparent  oblique  spreading,  involving  small 
offset  transform  faults  that  do  not  follow  small  circles  about  the 
pole  of  opening. 

Valley  Deepening  and  Crustal  Thinning  at  RT  Intersections 

The  imposition  of  a  third  rigid  boundary  at  RT  intersections 
may  increase  the  hydraulic  head  loss  by  30  to  40  percent  (Sleep 
and  Biehler,  1970).  This  closely  matches  the  observed  increase  in 
depth  at  RT  intersections.  For  example,  the  intersection  deep  at 
FZA  is  600  m  or  40  percent  deeper  than  “Narrowgate,”  which  is 
the  inner  floor  midway  between  FZA  and  FZB  (Fig.  4).  The 
structural  effects  on  the  rift  valley  are  considerable.  Both  the  inner 
floor  and  the  major  normal  faults  creating  the  inner  and  outer 
walls  of  the  valley  plunge  towards  the  intersections  with  topo¬ 
graphic  gradients  of  15  to  30  m  per  km  (see  Fig.  16  in  Macdonald 
and  Luyendyk,  1977).  The  inner  floor  also  widens  by  as  much  as 
a  factor  of  two.  Dynamic  effects  associated  with  migration  of 
magma  along  strike  beneath  the  spreading  axis  may  also  contrib¬ 
ute  to  the  deepening  of  the  valley  floor  (Parmentier  and  Forsyth, 
1984).  Indeed,  many  of  the  transform  faults  are  too  short  (and  the 
juxtaposed  lithosphere  too  thin)  to  significantly  affect  the  adjoin¬ 
ing  spreading  segment. 

In  addition  to  the  viscous  effects  pointed  out  above,  trans¬ 
form  faults  have  profound  thermal  effects  on  ridge  structure  and 
crustal  accretion.  The  degree  of  partial  melting  that  may  occur  in 
the  rising  asthenosphere  is  reduced  and  the  degree  of  fractional 
crystallization  is  enhanced  near  a  RT  intersection  because  the 
cold  bounding  edge  of  the  transform  is  a  significant  heat  sink 


Figure  8.  Cumulative  number  of  transform  faults  on  the  MAR  from 
10°N-53°N.  The  average  spacing  is  55  km,  so  close  that  essentially  every 
segment  of  the  MAR  is  altered  along  most  of  its  length  by  transform  fault 
edge  effects.  See  also  Vogt,  this  volume,  Ch.  12. 

(Fox  and  others,  1980;  Langmuir  and  Bender,  1984;  Fox  and 
Gallo,  this  volume).  How  significant  a  heat  sink  depends  on  the 
age  contrast  of  the  lithosphere  near  the  intersection.  As  a  result, 
the  flux  of  basaltic  melt  is  reduced  and  the  crust  is  thinner.  Seis¬ 
mic  refraction  results  suggest  that  the  oceanic  crust  may  be 
thinned  by  as  much  as  a  factor  of  2  near  the  Kane  Fracture  Zone 
(Detrick  and  Purdy,  1980).  At  large  offset  transforms  on  the 
MAR  such  as  the  Verna,  lithosphere  30  to  50  km  thick  may  be 
juxtaposed  against  the  accreting  plate  boundary  “all  but  nullifying 
the  processes  that  lead  to  the  emplacement  of  normal  oceanic 
lithosphere  (Fox  and  Gallo,  1984).”  These  effects  are  far  greater 
on  the  slow  spreading  MAR  than  on  the  EPR  because  the  age 
contrast  for  a  given  offset  transform  fault  is  3  to  9  times  greater. 

The  Transmission  of  Shear  Stresses 
Into  the  Spreading  Center  Domain 

Faults  oblique  to  both  spreading  center  and  transform  fault 
trends  are  comt.ton  near  RT  intersections,  and  are  hypothesized 
to  be  oblique  trending  normal  faults  (Crane,  1976;  Lonsdale, 
1977;  Macdonald  and  others,  1979).  Recent  Alvin  studies  on 
the  Oceanographer  and  Tamayo  transform  faults  confirm  that 
these  faults  are  spreading  center-related  normal  faults  that  are  30 
to  45°  oblique  to  the  spreading  axis  near  the  RT  intersection 
(OTTER  Scientific  Team,  in  press;  Tamayo  Tectonic  Team, 
1984).  Deep-tow  studies  near  the  Verna  Fracture  Zone  show  that 
the  normal  faults  follow  intermediate  (02)  stress  trajectories  that 
rotate  smoothly  and  continuously  from  spreading  center-parallel 
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Figure  9.  Various  ways  in  which  MAR  structure  is  modified  near  transform  fault  intersections  depend¬ 
ing  on  the  length  of  the  offset  Small  transform  faults  (A,  B)  result  in  a  “bend”  in  the  rift  valley  trend  that 
may  not  follow  a  small  circle  about  the  pole  of  opening.  “Apparent”  oblique  spreading  results.  Large 
offcet  transform  faults  (C)  create  a  significant  rotation  of  the  neovolcanic  zone  and  rift  valley  normal 
faults  within  5-10  km  of  ridge/transform  intersections.  Another  common  phenomenon  is  the  “appar¬ 
ent"  overlapping  of  spreading  centers  caused  by  north-south  lateral  shifts  of  the  transform  fault  (D). 
These  shifts  cause  en  echelon  overlap  of  intersection  deeps  but  not  a  large  overlap  of  the  neovolcanic 
zones. 


to  45°  oblique  to  the  spreading  axis  (Macdonald  and  others,  sub¬ 
mitted).  Rotation  of  stress  trajectories  is  caused  by  transmission  of 
transform-related  shear  stresses  into  the  spreading  center  domain. 
Near  the  Verna  transform  fault  these  shear  stresses  extend  into  the 
MAR  rift  valley  at  least  7  km  along  strike  (Macdonald  and  others, 
submitted). 

“Apparent”  Oblique  Spreading 

A  fundamental  premise  of  plate  tectonics  is  that  transform 
faults  trace  out  small  circles  about  the  pole  of  opening  (McKenzie 
and  Parker,  1967).  This  may  not  be  true  for  small  offset  transform 
faults  on  the  MAR.  Notice  the  enormous  number  of  very  small 
offset  (<20  km)  transform  faults  on  the  MAR  in  Figure  1  and 
how  they  are  not  sharp  perpendicular  offsets  of  the  MAR,  but 
appear  as  gentle  bends  in  the  rift  valley  (Vogt,  this  volume,  Ch. 
12).  The  Kurchatov  FZ  and  the  TAG  area  transform  faults  are 
well  studied  examples  of  these  phenomena. 

Detailed  GLORIA  side-scan  sonar  studies  of  the  Kurchatov 
FZ  (Searle  and  Laughton,  1977)  do  not  reveal  any  prominent 
structures  perpendicular  to  the  MAR.  Instead  the  normal  faults 
bounding  the  rift  valley  veer  approximately  45°  clockwise  for  1 8 
km  of  offset,  then  back  to  a  spreading  center  trend  (Fig.  9).  In 
the  TAG  area,  where  the  transform  offsets  are  even  less  (approx¬ 


imately  10  to  12  km)  there  is  only  a  single  intersection  depression 
shared  between  the  two  RT  intersections  creating  a  broad  45° 
bend  in  the  trend  of  the  rift  valley  (Rona  and  Gray,  1980).  Similar 
structures  have  been  mapped  by  Johnson  and  Vogt  (1973)  on  the 
MAR  from  47°N  to  51°N.  On  transform  faults  whose  offset  is 
less  than  15  to  20  km,  the  fault  zone  is  one  continuous  RT 
intersection  dominated  by  oblique  normal  faults. 

Detailed  studies  of  FZA  and  FZB,  however,  do  reveal  clear 
east-west  strike  slip  faults  that  are  punctuated  by  microearth¬ 
quake  activity  along  their  entire  length  between  RT  intersections 
(Detrick  and  others,  1973;  Reid  and  Macdonald,  1973).  How¬ 
ever,  FZA  and  FZB  are  not  perpendicular  to  the  adjoining 
spreading  centers,  but  intersect  at  angles  of  70°-75°.  the  propen¬ 
sity  of  oblique  intersections  between  spreading  centers  and  their 
adjoining  transform  faults  in  the  Atlantic  led  us  to  propose  that 
oblique  spreading  is  the  rule,  not  the  exception,  at  slow  spreading 
centers  (Atwater  and  Macdonald,  1977).  However,  it  may  be  the 
transform  faults  rather  than  the  spreading  centers  that  are  oblique 
(Collette  and  others,  1979;  Searle  and  Laughton,  1977).  Compar¬ 
ing  the  strikes  of  FZA  and  FZB  to  Minster  and  Jordan’s  predicted 
trends  (1978),  we  find  that  spreading  centers  away  from  RT 
intersections  are  orthogonal  to  small  circles  about  the  pole  of 
opening,  and  the  transform  faults  are  oblique  relative  to  small 
circle  trends. 
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Thus,  there  are  essentially  three  types  of  transform  faults 
(Fig.  9):  (1)  large  offset  (>30  km)  such  as  the  Oceanographer, 
Kane,  and  Verna  Fracture  Zones  that  are  parallel  to  small  circles 
about  the  pole  of  opening  and  orthogonal  to  their  spreading 
centers;  (2)  small  offset  transforms  in  which  the  entire  transform 
valley  is  simply  two  coalesced  RT  intersections,  and  structures 
within  the  valley  strike  45°  relative  to  small  circle  trends;  and 
(3)  transitional  transform  faults  such  as  FZA  and  FZB  that  have 
clear  strike  slip  faults  but  are  10  to  20°  oblique  to  small  circle 
trends  due  to  intersection  effects. 

Short  offset  transform  faults  (types  2  and  3)  give  rise  to 
apparent  oblique  spreading  because  the  angle  between  the  gross 
morphology  of  the  transform  valley  and  the  MAR  rift  valley  is 
not  90°,  but  80°  to  45°  (Vogt,  this  volume,  Ch.  12).  It  is  not  true 
oblique  spreading  because  away  from  the  intersections  the  MAR 
is  orthogonal  to  small  circles  about  the  pole  of  opening.  This  is 
not  the  same  as  postulated  leaky  transform  faulting  caused  by  a 
change  in  the  pole  of  opening  (Menard  and  Atwater,  1 968). 

Transform  fault  types  2  and  3  may  be  the  present  day  equi¬ 
valents  to  Schouten’s  hypothetical  “zero  offset  transform  faults” 
(Schouten  and  White,  1980).  If  so,  then  the  long-term  time- 
averaged  fracture  zone  trends  of  these  small  offset  transform  faults 
may  indeed  trace  small  circles  about  the  pole  of  opening,  while 
the  short,  equidimensional  transform  valleys  do  not. 

Small  lateral  offsets  of  the  East  Pacific  Rise  are  manifested 
by  “overlapping  spreading  centers”  (OSCs)  that  are  structurally 
very  different  from  small  transform  faults  in  the  Atlantic. 
Whether  or  not  they  have  a  common  origin  is  a  point  of  some 
controversy  (Klitgord  and  Schouten,  1983;  Macdonald  and  Fox, 
1983b;  Macdonald  and  others,  1984). 

Heterogeneity  of  Crust  Accreted  at  Slow-spreading  Centers 

From  the  discussion  above  it  is  clear  that  transform  faults 
disrupt  the  two-dimensionality  of  spreading  centers  and  con¬ 
tribute  significantly  to  heterogeneity  in  the  physical  and  geochem¬ 
ical  properties  of  the  crust.  We  have  reviewed  evidence  that  the 
oceanic  crust  thins  significantly  near  the  ridge/transform  intersec¬ 
tions,  that  transform  fault  related  shear  stresses  affect  spreading 
center  processes  within  approximately  10  km  of  the  ridge/ trans¬ 
form  intersections,  and  that  the  dynamic  forces  responsible  for  the 
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maintenance  of  the  axial  rift  valley  may  be  enhanced  or  otherwise 
perturbed  at  the  ridge  transform  intersection  and  up  to  several 
tens  of  kilometers  along  the  strike  of  the  axial  rift  valley.  In 
addition,  the  AMC  may  be  a  steady  state  feature  along  a  short 
length  of  the  ridge  segment  removed  from  the  RT  intersection, 
but  it  is  probably  transient  near  these  intersections.  Considering 
that  the  MAR  is  disrupted  every  55  km  by  a  transform  fault 
(Figs.  1  and  9),  it  is  unlikely  that  any  of  the  crust  created  along  the 
MAR  is  free  of  the  disrupting  edge  effects  of  transform  faults.  The 
result  is  a  highly  heterogeneous  oceanic  crust. 

Rock  magnetization  is  one  physical  property  that  can  be 
inferred  indirectly  on  a  global  scale  via  the  magnetic  field  gener¬ 
ated  by  crustal  rocks,  and  the  degree  of  heterogeneity  of  the  crust 
should  directly  affect  the  clarity  of  magnetic  anomalies  (Vogt,  this 
volume,  Ch.  1 5).  It  has  been  known  for  some  time  that  regional 
magnetic  anomalies  measured  at  the  sea  surface  are  far  clearer 
and  easier  to  decipher  in  the  Pacific  than  in  the  Atlantic.  For 
example,  compare  the  careful  magnetic  anomaly  study  on  the 
MAR  at  45°N  (Loncarevic  and  Parker,  1971)  with  magnetic 
anomalies  on  the  East  Pacific  Rise  at  21°N  (Larson  1971)  or 
20°S  (Rea  and  Blakely,  1 975)  or  the  Galapagos  spreading  center 
(Hey,  1977;  Klitgord  and  others,  1975).  To  explain  the  difference 
in  magnetic  anomaly  clarity  we  have  suggested  that  crustal  accre¬ 
tion  processes  and  resulting  magnetic  structures  vary  significantly 
with  spreading  rate  (Macdonald  and  others,  1983).  Geologic 
processes  that  may  have  a  spreading  rate  dependence  and  affect 
crustal  heterogeneity  include  the  frequency  of  volcanic  eruptions, 
the  stability  of  the  neovolcanic  zone,  and  the  extent  of  tectonic 
disruption  of  the  crust  (Macdonald.  1982).  An  important  factor 
to  add  to  that  list  is  the  close  spacing  of  transform  faults  in  the 
Atlantic.  If  one  considers  transform  faults  whose  offsets  represent 
1  m.y.  age  contrasts  or  greater  (that  is,  the  age  of  the  lithosphere 
juxtaposed  to  the  spreading  center  by  the  transform  fault)  then 
the  average  spacing  is  70  km  in  the  slow-spreading  north  Atlantic 
and  approximately  500  km  in  the  fast-spreading  Pacific.  The 
swath  of  crust  disrupted  by  a  transform  fault  is  approximately  30 
km,  so  roughly  50  percent  of  the  Atlantic  basin  is  significantly 
affected  by  transform  fault  edge  effects  while  only  5  percent  of  the 
Pacific  crust  is  so  affected.  Thus  the  close  spacing  of  transform 
faults  may  be  a  major  cause  of  the  high  degree  of  crustal  hete¬ 
rogeneity  observed  in  the  Atlantic,  and  this  factor  must  be  con¬ 
sidered  in  models  of  crustal  accretion  processes  in  the  Atlantic. 
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